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ABSTRACT 

The flow of hot  (5500'F)gasfrom a s o l i d  p rope l l an t  gas generator  
has  been success fu l ly  t h r o t t l e d  by a f l u i d i c ,  no-moving-part, vor tex  valve. 
The vor tex  valve has  been demonstrated i n  a system s imula t ing  a h o t  gas 
secondary i n j e c t i o n  t h r u s t  vec to r  c o n t r o l  (SITVC) system. The ho t  gas  
vor tex  valves were con t ro l l ed  by a p i l o t  s t a g e  u t i l i z i n g  a flapper-nozzle 
and vo r t ex  ampl i f i e r  valve arrangement which modulated t h e  flow of a 
2000'F p i l o t  s t a g e  s o l i d  p rope l l an t  gas generator .  
f o r  t h e  5500'F h o t  gas a p p l i c a t i o n  c o n s i s t  of s i l v e r - i n f i l t r a t e d  tungsten,  
carbon o r  s i l ica  phenol ic  and s o l i d  carbon. 

s t r a t e d  s a t i s f a c t o r y  material s e l e c t i o n ,  ho t  gas  flow modulation, and 
s teady-s ta te  and dynamic performance of a s imulated SITVC system. 

Materials found s u i t a b l e  

The development e f f o r t  cons is ted  of six hot  gas  f i r i n g s  which demon- 
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RESEARCH AND DEVELOPMENT OF A VORTEX VALVE 
FOR FLOW MODLJLATION OF A 16-PERCENT 

ALUMINIZED 5500°F PROPELLANT GAS 

By T. W. Keranen and A. Blatter 

Bendix Research Labora tor ies  

SUMMARY 

This  program (Phase I) has  success fu l ly  demonstrated a vor tex  
va lve  con t ro l l ed  simulated secondary i n j e c t i o n  t h r u s t  vec to r  c o n t r o l  
system by modulating t h e  flow of h igh ly  (16%) aluminized, 5500"F, s o l i d  
p rope l l an t  gas.  
the  c a p a b i l i t y  t o  t u r n  o f f  t h e  flow of 1 l b / s e c  of 5500°F gas a t  750 
p s i a ,  and are a b l e  t o  c o n t r o l  t h i s  gas f o r  more than 50 seconds. 

S ix  5500°F h o t  gas tests w e r e  accomplished during t h i s  phase. 
f i r s t  ho t  gas  test w a s  f o r  a materials and design eva lua t ion ,  and no 
at tempt  w a s  made t o  t h r o t t l e  flow wi th  t h e  vo r t ex  valve. This  test 
revealed t h e  necess i ty  of keeping t h e  aluminized s o l i d  p rope l l an t  gas 
hot  enough t o  prevent  t h e  s o l i d i f i c a t i o n  of aluminium oxide i n s i d e  t h e  
vor tex  valve and a s soc ia t ed  manifolding. 

The second and t h i r d  tests w e r e  s i n g l e  vo r t ex  va lve  ho t  gas per- 
formance tests which u t i l i z e d  one main s t a g e  vo r t ex  valve and a manually 
con t ro l l ed  2000°F p i l o t  s t age .  These tests e s t ab l i shed  va lve  s t r u c t u r a l  
design technology and prel iminary vor tex  va lve  performance. 
va lve  performance was  less than expected because some va lve  d e t e r i o r a t i o n  
w a s  caused by t h e  5500°F gas. 

The fou r th ,  f i f t h  and s i x t h  tests w e r e  complete vor tex  valve- 
con t ro l l ed  SITVC system ho t  gas bench tests. The system t e s t e d  con- 
s i s t e d  of a torque motor and flapper-nozzle valve which con t ro l l ed  a 
vor tex  a m p l i f i e r  valve p i l o t  s t age ;  two vor t ex  valves operated i n  push- 
p u l l  f o r  t h e  main s t age ;  a 2000°F s o l i d  p rope l l an t  gas generator  (SPGG) 
as t h e  gas source f o r  t h e  p i l o t  s t age ;  and a 5500°F SPGG main s t a g e  gas 
source.  These t h r e e  h o t  gas system tests demonstrated t h e  a b i l i t y  of 
t he  vo r t ex  va lve  t o  c o n t r o l  a SITVC system by success fu l ly  containing 
and modulating 5500°F h o t  gas.  
c a p a b i l i t y  f o r  a du ra t ion  i n  excess of 50 seconds. 

The Phase I1 e f f o r t  of t h i s  program is  c u r r e n t l y  i n  progress  and 
w i l l  r e s u l t  i n  a seventh ho t  gas system tes t .  The system t o  be t e s t e d  
w i l l  u t i l i z e  t h e  No. 6 Hot G a s  T e s t  hardware, bu t  it w i l l  be  i n s t a l l e d  
on a s o l i d  p rope l l an t  rocke t  engine. The 30 l b / s e c  rocke t  engine w i l l  
be f i r e d  i n  t h e  h o r i z o n t a l  pos i t i on .  One of t h e  vo r t ex  va lves  w i l l  
i n j e c t  i n t o  t h e  rocke t  engine nozz le  i n  t h e  vertical  plane,  and t h e  

The vo r t ex  valves developed during t h i s  program have 

The 

The vor tex  

The vo r t ex  va lve  demonstrated modulation 

1 



o t h e r  vo r t ex  valve w i l l  i n j e c t  i n  t h e  h o r i z o n t a l  plane.  
scheduled f o r  October 1967 a t  Allegany Bal l is t ics  Laboratory,  Cumberland, 
Maryland. 

f o r  t h e  design and f e a s i b i l i t y  t e s t i n g  of a vo r t ex  valve con t ro l l ed  
d i r e c t  chamber b leed  SITVC system. 
i n  a vo r t ex  va lve  c o n t r o l  system i n s t a l l e d  i n  t h e  combustion chamber of 
a submerged nozz le  rocke t  engine t o  produce a l igh tweight ,  i n h e r e n t l y  
simple and h ighly  r e l i a b l e  SITVC system. 

The test is 

The technology r e s u l t i n g  from t h i s  program provides  a sound b a s i s  

This  development e f f o r t  would r e s u l t  

2 



INTRODUCTION 

A rocke t  v e h i c l e  can be  s t e e r e d  by d e f l e c t i n g  the engine t h r u s t .  
Ordinar i ly ,  d i r e c t i o n a l  c o n t r o l  of t h e  t h r u s t  vec to r  is achieved by 
mounting t h e  t h r u s t  engine on gimbals o r  by adding a u x i l i a r y  movable 
engines. 
t h e  technique known as Secondary I n j e c t i o n  Thrust  Vector Control  (SITVC) . 
The engine i s  s t a t i o n a r y  and f l u i d  jets d e f l e c t  t h e  rocke t  t h r u s t  gases 
t o  steer t h e  vehic le .  
downstream of t h e  engine (hence, t h e  name "secondary in jec t ion") .  Re- 
sponse is f a s t  because t h e  jets can be modulated r a p i d l y  i n  c o n t r a s t  t o  
t h e  mechanical method i n  which l a r g e  engine masses are moved by servo  
ac tua to r s .  The SITVC technique e l imina te s  t h e  need f o r  complex seals 
and j o i n t s  inherent  i n  mechanical nozz le  d e f l e c t i o n  systems. 

Almost any f l u i d  might be used f o r  secondary i n j e c t i o n ,  bu t  i t  i s  
most e f f i c i e n t  t o  i n j e c t  a high-temperature gas. 
from an independent source,  o r  i t  might be b led  from t h e  engine i t s e l f .  
I n  the  case of a s o l i d  p rope l l an t  engine,  t h e  valves t h a t  con t ro l  the 
secondary i n j e c t i o n  must withstand temperatures of 5000OF o r  more. 
t h i s  severe environment, a f l u i d i c  device with no moving p a r t s ,  such as 
a vor tex  valve, o f f e r s  t h e  p o s s i b i l i t y  of g r e a t e r  r e l i a b i l i t y  than a 
mechanical moving-part valve. 

c learances and s m a l l  passages;  t h e  vo r t ex  valve, with its l a r g e  passages 
and no-moving-parts design,  i s  less s u s c e p t i b l e  t o  plugging than conven- 
t i o n a l  valve techniques.  
p rope l l an t  gas ,  t h e r e  is a tendency f o r  aluminum oxide t o  " p l a t e  out" 
on flow channel sur faces .  
t h i s  gas must inc lude  h e a t  t r a n s f e r  techniques t o  avoid s o l i d i f y i n g  t h e  
aluminum oxide.  

The program r e s u l t s  descr ibed i n  t h i s  r e p o r t  are f o r  t h e  develop- 
ment of a vor tex  valve t o  modulate t h e  flow of 5500°F h igh ly  aluminized 
(16%) gas.  To achieve t h i s  goal ,  i t  w a s  necessary t o  develop a valve 
s t r u c t u r e  capable of containing such flow without  f a i l u r e  and without  
undue h e a t  l o s s  from t h e  gas.  These ob jec t ives  have been accomplished. 
A poss ib l e  a p p l i c a t i o n  of t h e  technology r e s u l t i n g  from t h i s  program is 
t he  design and opera t ion  of a vo r t ex  valve con t ro l l ed  SITVC system s i m -  
i l a r  t o  t h e  submerged nozz le  rocke t  engine i n s t a l l a t i o n  depicted i n  
Figure 1. Therefore,  i n  t h i s  program, t h e  5500OF vor tex  valve w a s  t e s t e d  
as p a r t  of a complete s imulated s ingle-ax is  secondary i n j e c t i o n  t h r u s t  
vec tor  c o n t r o l  system. 

An a l t e r n a t e  method of providing t h r u s t  vec to r  c o n t r o l  is by 

The f l u i d  is i n j e c t e d  i n t o  t h e  t h r u s t  nozz le  

The gas can be suppl ied  

I n  

Sol id  p rope l l an t  gases conta in  material t h a t  can r e a d i l y  plug 

I n  t h e  case of h ighly  aluminized 5500°F s o l i d  

The development of vo r t ex  valves t o  c o n t r o l  

Vortex Valve Concept 

The vor tex  valve is a f l u i d i c  element t h a t  u t i l i z e s  c e r t a i n  b a s i c  
f l u i d  phenomena t o  perform a va lv ing  o r  c o n t r o l l i n g  func t ion  without  the 
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use  of mechanical moving p a r t s .  
element i n  t h a t  i t  is  capable of t h r o t t l i n g  flow, whereas o t h e r  f l u i d i c  
devices are only flow d i v e r t e r s .  

The b a s i c  vo r t ex  valve and i t s  opera t ion  are i l l u s t r a t e d  i n  Fig- 
u re  2. The vo r t ex  valve func t ions  by t h e  i n t e r a c t i o n  between properly 
introduced c o n t r o l  and supply flows. 
r a d i a l l y  i n t o  a c y l i n d r i c a l  vo r t ex  chamber. I n  t h e  absence of c o n t r o l  
flow, t h e  supply flow proceeds r a d i a l l y  toward t h e  c e n t e r  o u t l e t  hole .  
The l i m i t i n g  r e s t r i c t i o n  t h a t  e s t a b l i s h e s  maximum valve flow is t h e  
o u t l e t  o r i f i c e  a t  t h e  cen te r  of t h e  chamber. The modulation of supply 
flow is  accomplished by t h e  a d d i t i o n  of a t a n g e n t i a l  c o n t r o l  flow i n t o  
t h e  valve. 
supply flow as i t  passes  t h e  c o n t r o l  i n j e c t o r .  
en t e r ing  t h e  vor tex  chamber has  a t a n g e n t i a l  v e l o c i t y  component i n  
add i t ion  t o  t h e  r a d i a l  component. As t h e  flow s w i r l s  toward t h e  c e n t e r  
of t he  valve, conservat ion of i t s  angular  momentum causes t h e  t a n g e n t i a l  
v e l o c i t y  t o  increase .  This s u b s t a n t i a l  i nc rease  i n  t a n g e n t i a l  v e l o c i t y  
of t h e  f l u i d  causes a c e n t r i f u g a l  p re s su re  bui ldup across  t h e  vor tex  
flow f i e l d  i n  a r a d i a l  d i r e c t i o n .  
incoming supply flow and provides t h e  means f o r  modulating t h e  supply 
flow. 
con t ro l  flow, produces a va lv ing  c h a r a c t e r i s t i c ;  i .e. ,  an inc rease  i n  
con t ro l  flow causes a reduct ion  i n  t o t a l  valve flow. 
valve performance is shown i n  Figure 3.  

e n t e r s  t h e  chamber through an annular i n l e t  formed by a ''button" t h a t  is 
s l i g h t l y  smaller than t h e  chamber diameter.  

The vo r t ex  va lve  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  minor i n t e r n a l  geom- 
e t r y  v a r i a t i o n s  such as s m a l l  changes i n  chamber diameter,  bu t ton  diameter,  
e t c .  The vo r t ex  valve is s e n s i t i v e  t o  t h e  tangency between t h e  c o n t r o l  
ho le  and vo r t ex  chamber and t o  t h e  product of t h e  c o n t r o l  ho le  area and 
the o r i f i c e  c o e f f i c i e n t .  
under cons tan t  tes t  condi t ions  should be as reproducib le  as t h e  perfor-  
mance r e p e a t a b i l i t y  of a simple o r i f i c e .  

two reasons: 
t he re fo re ,  has  no dynamic seals and no p o s s i b i l i t y  of t h e  binding o r  
s e i z i n g  which is  c h a r a c t e r i s t i c  of c lose-clearance moving p a r t s .  
Secondly, t h e  vor tex  valve components are a l l  symmetrical i n  cons t ruc t ion ;  
t he re fo re ,  t h e r e  is n e g l i g i b l e  unsymmetrical component d i s t o r t i o n  o r  re- 
duction i n  flow areas, caused by thermal expansion, t o  a f f e c t  valve 
performance. 

The vo r t ex  valve is  a unique f l u i d i c  

The valve supply flow is introduced 

The c o n t r o l  flow imparts a r o t a t i o n a l  flow component t o  t h e  
Thus, t h e  supply flow 

This p re s su re  g rad ien t  opposes t h e  

The s t r e n g t h  of t he  vor tex  flow f i e l d ,  which is  a func t ion  of 

Typical  vor tex  

For e f f i c i e n t  mixing of c o n t r o l  and supply flows, t h e  supply flow 

The performance f o r  any given vor tex  valve 

The vo r t ex  valve is  i d e a l l y  s u i t e d  f o r  high-temperature work f o r  
F i r s t ,  t h e  vo r t ex  valve conta ins  no moving p a r t s  and, 

Program Plan 

The o v e r a l l  goa l  of t h e  program was t o  demonstrate t h e  performance 
of t h e  vo r t ex  valve i n  a simulated secondary i n j e c t i o n  t h r u s t  vec to r  
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c o n t r o l  system. 
valve cons t ruc t ion  materials which would surv ive  exposure t o  5500OF 
s o l i d  p rope l l an t  gas. 
s t e p s  . 
s t r u c t i o n  materials. Perform a thermal a n a l y s i s  t o  e s t a b l i s h  t h e  b a s i s  
f o r  a vo r t ex  valve and manifolding design. 

Conduct a materials eva lua t ion  test wi th  an inope ra t ive  
vo r t ex  valve. 

Design a vo r t ex  valve u t i l i z i n g  t h e  material information pre- 
v ious ly  obtained and conduct two s i n g l e  vo r t ex  valve h o t  gas tests t o  
e s t a b l i s h  t h e  vo r t ex  valve performance. 

( 4 )  
a SITVC system, and a w a r n  gas p i l o t  s t a g e  t o  c o n t r o l  t h e  vo r t ex  va lves ,  
Conduct two f i r i n g s  t o  e s t a b l i s h  t h e  system s t eady- s t a t e  and dynamic 
performance. 

l a t i o n  on a ground test rocke t  engine.  
e s t a b l i s h  t h e  o v e r a l l  system performance and operat ion.  

A p a r a l l e l ,  Phase I1 e f f o r t  w i l l  u t i l i z e  the same system 
hardware t o  perform a secondary i n j e c t i o n  t h r u s t  vec to r  c o n t r o l  test on 
t h e  NASA-supplied EM-72 rocke t  engine. 
produce a flow rate of 30 l b / s e c  f o r  t h i s  test, and TVC d a t a  w i l l  b e  
obtained . 

To accomplish t h i s ,  i t  w a s  necessary t o  select vo r t ex  

Thus, t h e  program plan  cons is ted  of t h e  fol lowing 

(1) Perform a material survey and select t h e  vo r t ex  valve con- 

(2) 

(3) 

Design a simple vo r t ex  valve and manifold system t o  s imula te  

(5) Design a vo r t ex  valve and manifold system s u i t a b l e  f o r  i n s t a l -  
Assemble and test t h e  system t o  

( 6 )  

The engine w i l l  be  modified t o  



SYSTEM DESCRIPTION AND PERFORMANCE 

The system developed i n  t h i s  program is  a s imulated,  s i n g l e  axis, 
vo r t ex  valve con t ro l l ed  secondary i n j e c t i o n  t h r u s t  vec to r  c o n t r o l  (SITVG) 
system f o r  u t i l i z a t i o n  w i t h  s o l i d  p rope l l an t  rocke ts .  The system i s  
shown schematical ly  i n  Figure 4 .  

The system conta ins  a main s t a g e  which modulates t h e  flow of 5500°F 
The main s t a g e  con- gas and a p i l o t  s t a g e  which c o n t r o l s  t h e  main s t age .  

sists of two push-pull operated vo r t ex  valves which are suppl ied  from a 
5500°F s o l i d  p rope l l an t  gas  genera tor  (SPGG). The main s t a g e  vo r t ex  
valves, as shown i n  Figure 5 ,  r ep resen t  secondary i n j e c t i o n  valves t h a t  
could be  i n s t a l l e d  on a rocket  engine.  

The push-pull mode of main s t a g e  opera t ion  w a s  u t i l i z e d  t o  impart  
a cons tan t  load t o  the 5500'F SPGG during system opera t ion  s o  t h a t  the 
SPGG would have a cons tan t  output .  The main s t a g e  push-pull opera t ion  i s  
such t h a t  when one vo r t ex  valve output  flow is decreased t h e  o t h e r  vo r t ex  
valve output  flow is  increased a similar amount. The n e t  r e s u l t  of t h i s  
push-pull opera t ion  is t h a t  t h e  t o t a l  output  flow from t h e  two vor t ex  
valves i s  approximately cons tan t .  

The p i l o t  s t a g e  c o n s i s t s  of two push-pull operated vor tex  valves which 
are con t ro l l ed  by a torque-motor flapper-nozzle valve. 
i s  suppl ied  wi th  gas  from a 2000'F SPGG. 
are separa ted  from t h e  2000'F SPGG by t h r e e  subsonic  o r i f i c e s  which 
provide t h e  requi red  p res su re  d i f f e r e n t i a l s  between t h e  vor tex  valve 
supply and con t ro l .  
electrical  s i g n a l  t o  t h e  torque  motor which produces a displacement of 
t h e  f l appe r .  The f l a p p e r  displacement causes a reduct ion  i n  flow through 
one of t h e  nozzles  and an increase i n  t h e  nozz le  upstream pressure .  This  
increased p res su re  r e s u l t s  i n  increased c o n t r o l  flow t o  one of t h e  vor tex  
ampl i f i e r  v?lves and a reduced output  flow from t h a t  s i d e  of t h e  p i l o t  
s t age .  This p i l o t  s t a g e  vor tex  ampl i f i e r  valve output  flow is  t h e  
con t ro l  flow t o  t h e  main s t a g e  vor tex  valve on t h a t  s i d e .  
t h i s  c o n t r o l  f low permits  an i n c r e a s e  i n  t h e  flow ou t  of t h a t  main s t a g e  
valve. Conversely, t h e  o t h e r  h a l f  of t h e  system experiences a reduct ion  
i n  main s t a g e  valve flow. 
Appendix A. 

designed as a heavyweight bench test model. 
valve con t ro l l ed  SITVC system i n s t a l l e d  on a s o l i d  p rope l l an t  rocke t  
engine would be  similar t o  t h e  system shown i n  Figure 1. This type of 
system would n o t  r e q u i r e  an  a u x i l i a r y  5500°F SPGG because t h e  main s t a g e  
vor tex  valves would b e  suppl ied  d i r e c t l y  from t h e  rocke t  engine. 
i n  t h i s  system the main s t a g e  vo r t ex  valves would b e  independently 
con t ro l l ed  (not  push-pull) and would normally b e  i n  t h e  f u l l  turndown 

The main s t a g e  system receives con t ro l  i npu t s  from t h e  p i l o t  s t age .  

The p i l o t  s t a g e  
The vo r t ex  ampl i f i e r  valves 

The p i l o t  s t a g e  opera t ion  i s  i n i t i a t e d  by an 

Reduction of 

A d e t a i l e d  system a n a l y s i s  i s  provided i n  

The s imulated,  s ing le-ax is  SITVC system used i n  t h i s  program w a s  
An a c t u a l  f l y a b l e  vo r t ex  

A l s o ,  
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mode u n t i l  t h r u s t  vec tor ing  is  commanded. When rocket  engine t h r u s t  
vec tor ing  i s  requi red ,  t h e  appropr i a t e  vo r t ex  valves o r  va lve  combinations 
would supply t h e  proper amount of secondary i n j e c t a n t  gas t o  ob ta in  t h e  
des i r ed  t h r u s t  vec to r  d e f l e c t i o n .  
system t h a t  is inhe ren t ly  simple and l igh tweight .  

The main s t a g e  vor tex  va lve  and the  s imulated SITVC system w e r e  
developed during a series of s i x  ho t  gas tests. 
test, t h e  var ious  systems and t h e i r  components w e r e  cold gas t e s t e d  on 
n i t rogen  t o  v e r i f y  intended performance. 
s t a g e  vo r t ex  a m p l i f i e r  valves and t h e  main s t a g e  vor tex  valves are shown 
i n  Figures  6 and 7. 

a t i o n  test, two s i n g l e  vor tex  va lve  performance tests, and t h r e e  complete 
s ing le-ax is  system h o t  gas tests. 
movies (Figures 8 and 9 )  g raph ica l ly  show t h e  a b i l i t y  of t he  vor tex  
va lve  t o  modulate t h e  flow of 5500°F ho t  gas.  These two test movie 
segments are from two d i f f e r e n t  cameras operatfng a t  t he  same s h u t t e r  
speed. 
frame exposure, s t a r t i n g  from t h e  top ,  occurred a t  e s s e n t i a l l y  the  s a m e  
t i m e .  
main gitage vo r t ex  valves. 

flow of 5500°F h o t  gas a t  f requencies  of 5, 10, and 15 cps .  The maximum 
flow modulation obtained during t h e  test  w a s  3.46 t o  1, which is  compa- 
r a b l e  t o  t h e  t h e o r e t i c a l  va lue  of 3.56 t o  1 (Appendix A). The b e s t  main 
s t a g e  vo r t ex  valve turndown performance curve i s  shown i n  Figure 10. 
The system con t ro l l ed  t h e  flow of h ighly  aluminfzed 5500°F s o l i d  pro- 
p e l l a n t  gas  f o r  51  seconds wi th  no component degradat ion.  

obtained during t h e  h o t  gas tests because of plugging of t h e  main s t a g e  
vor tex  valve flow measurement system. 
phaqe s h i f t  op t  t o  15 cps whi le  t h e  amplitude 
approximately 0.60. 
t h e  15 cps s i g n a l  began, and t h e  d a t a a r e u n c e r t a i n .  
i n  t h i s  system are capable of high dynamic frequency response because 
o t h e r  Bendix-developed vor tex  valves of approximately t h e  same s i z e  
have demonstrated a frequency response bandpass of 80 cps. 

This  technique w i l l  r e s u l t  i n  a SITVC 

Before each h o t  gas 

Performance curves of t h e  p i l o t  

The s i x  h o t  gas tests cons is ted  of one material and design evalu- 

Por t ions  of t h e  f o u r t h  h o t  gas test 

The frames of each s t r i p  are of t h e  same system event and each 

The f i l m  s t r i p s  show a por t ion  of a push-pull cyc le  of t h e  two 

During t h e  s i x t h  hot  gas test, t h e  vor tex  va lves  modulated t h e  

System dynamic frequency response performance w a s  only p a r t i a l l y  

The system functioned wi th  l i t t l e  
r a t i o  decreased t o  

The flow measurement o r i f i c e  plugged s h o r t l y  a f t e r  
Vortex valves used 

A system d e s c r i p t i o n  and test r e s u l t s  covering each of t h e  s i x  h o t  
gas tests are provided i n  t h e  fol lowing sec t ions .  
of t h e  5500°F vor t ex  valve is  shown i n  Figure 11, which inc ludes  t h e  
c r i t i c a l  dimensions and to le rances  used f o r  t h e  vor tex  valve.  

The f i n a l  conf igura t ion  
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Figure 8 - 5500°F Push-Pull System Main Stage Vortex Valve No. 1 During 
Operation (Hot G a s  T e s t  No. 4 )  
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MATERIALS EVALUATION TEST 

(Hot Gas T e s t  No. 1) 

P r i o r  t o  t h e  materials eva lua t ion  test, a t r a n s i e n t  hea t  t r a n s f e r  
and thermal stress a n a l y s i s  w a s  conducted t o  a i d  i n  s e l e c t i n g  materials 
and e s t a b l i s h i n g  t h e  design conf igura t ion  f o r  t h e  5500°F SITVC system. 
This thermal a n a l y s i s  i s  descr ibed i n  Appendix B. The system materials 
eva lua t ion  test included a 5500°F s o l i d  p rope l l an t  gas genera tor ,  mani- 
f o l d s  l i n e d  with var ious  materials, a main s t a g e  vor tex  valve, and a 
system vent  load o r i f i c e  t o  s imula te  a vo r t ex  valve. 
were t o  eva lua te  t h e  materials s e l e c t i o n  and t h e  system s t r u c t u r a l  
design, and t o  provide tes t  d a t a  t o  support  t h e  thermal a n a l y s i s  con- 
ducted i n  conjunct ion wi th  t h i s  program. 
the  5500'F SPGG performance, which had not  been f u l l y  demonstrated by 
the  vendor be fo re  de l ive ry .  

The system des ign  and t h e  materials s e l e c t e d  f o r  t h i s  test w e r e  
based on t h e  Bendix thermal a n a l y s i s  and s ta te -of - the-ar t  technology. 

The tes t  ob jec t ives  

The test a l s o  served t o  v e r i f y  

System Descr ip t ion  

'The materials eva lua t ion  system t e s t e d  i n  Hot G a s  T e s t  N o .  1 is  
shown without  t h e  5500°F SPGG i n  Figure 1 2 .  
cons is ted  of a 303 s t a i n l e s s  steel  va lve  body and end cap; ATJ carbon 
inne r  l i n e r s ;  s i l i c o n  phenol ic  i n s u l a t i o n ;  Viton "0" r i n g s ;  and 

The main s t a g e  vo r t ex  valve 

Figure 12 - 5500°F Materials Evaluat ion System 
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silver-infiltrated tungsten button assembly, vortex chamber, and load 
orifice. 
vide cooling for the button. 

orifice supply tube assembly were constructed from 303 stainless steel 
housings, silica phenolic insulation, and ATJ carbon liners. 

from 303 stainless steel housings, silica phenolic insulation, ATJ carbon 
inner liners, high density arc-cast tungsten (98W-2Mp) orifice, and a 
silver-infiltrated tungsten flow divider. 
used to evaluate a backup material for the silver-infiltrated tungsten 
used elsewhere in the system. 

The thermal analysis test specimen shown in Figure 13 was designed 
to verify the thermal analysis, 
stainless steel housing and three sections of different laminate thick- 
ness of silica phenolic insulation, ATJ carbon intermediate liner, and 
silver-infiltrated tungsten inner liner. The test specimen was fitted 
with ten high-temperature thermocouples. The thermocouples were made 
from tungsten-rhenium wire and calibrated by the manufacturer to 4300OF. 

The button assembly was filled with lithium chloride to pro- 

The system supply tube assembly and the vortex valve and vent 

The system vent orifice assembly and flow divider were constructed 

The arc-east tungsten was 

The test specimen consisted of a 303 

Test Results 

The materials evaluation system test consisted of a cold gas 
(nitrogen) test and a hot gas test. 
provide baseline data and instrumentation checkout. 
test specimen was not used in the cold gas testing to minimize the 
handling damage to the specimen thermocouples. 

in Figure 14, and the test schematic is shown in Figure 15. During the 
test the following data were recorded: generator pressure, pressure at 
the flow divider, main stage vortex valve outlet pressure, 10 test speci- 
men temperatures, including the gas temperature, and 10 system skin 
temperatures. 

The results of Hot Gas Test No. 1 are shown in Figures 16 through 
19. 
system supply pressure (PS), and main stage valve outlet pressure (Po). 
The 5500OF SPGG ballistics performance, as obtained from the plot of Pg 
versus time, is given in Table 1. The SPGG test performance is compared 
with the predicted test performance and ballistics data as supplied by 
the SPGG vendor. The average SPGG operating pressure was 70 psi lower 
than the predicted value. This low operating pressure was the result 
of orifice size growth caused by erosion. 

The plot of Ps and Po versus time (Figure 16) shows the flow 
performance characteristics of the main stage valve and the vent orifice. 
After ignition, Ps increased in an irregular manner until at 11 seconds 
Ps reached a maximum pressure of 815 psia. It then dropped to 715 psia 

The cold gas testing was done to 
The thermal analysis 

The materials evaluation system hot gas test installation is shown 

The data plotted in Figure 16 versus time are SPGG pressure (Pg), 

17 



Figure 13 - Thermal Analysis Test Specimen 

Figure 14 - Hot Gas System Test No. 1 
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Table 1 - SPGG B a l l i s t i c  Performance 

Breech Pressure  (ps ia )  

Breech Temperature ( O K )  

Burn R a t e  ( in / sec)  

Burn Surface ( i n  ) 

Burn T i m e  (sec) 

Throat Diameter ( i n . )  

Flow Rate ( lb / sec)  

2 

1600 avg. 1450 avg. 

3458 -- 
0.380 0.359 

48 .O 48 .O 

37.4 38.5 

0 e 3754 0.394 

1.153 1.098 

F i r s t  Hot 
Gas T e s t  

1380 avg. 
-- 
0.354 

48 .O 

38 .O 

0.394 

1.08 

and f luc tua ted  about 725 p s i a .  
by a l t e r n a t e  clogging and c l ea r ing  of t he  aluminum oxide bui ldup i n  t h e  
main s t a g e  vor tex  va lve ,  
constant  f o r  about 4 seconds. The sudden drop i n  Ps a t  13.5 seconds w a s  
caused by t h e  f a i l u r e  of t he  system supply tube.  

It increased t o  a maximum of 300 p s i a  a t  28 seconds; then t h e  s i g n a l  w a s  
l o s t .  

The f l u c t u a t i o n  is bel ieved t o  be caused 

A t  13.5 seconds, Ps dropped t o  300 p s i a  and held 

Af t e r  t he  i g n i t i o n  sp ike ,  Po o s c i l l a t e d  between 65 p s i a  and 95 p s i a .  

Using the  va lve  load o r i f i c e  areas and t h e  SPGG breech pressure ,  t h e  
t h e o r e t i c a l  va lues  f o r  Ps and Po were ca lcu la ted .  
245 p s i a ,  the  corresponding va lue  f o r  Po should have been 82.5 p s i a .  
From Figure 1 6  a t  t i m e  2.5 seconds, Ps w a s  245 p s i a  and t h e  corresponding 
va lue  f o r  Po w a s  85 p s i a .  
t i m e  . 

When Ps w a s  equal  t o  

The system was operat ing as expected a t  t h i s  

The teqpera ture  da t a  f o r  t he  thermal ana lys i s  test specimen are 
p l o t t e d  i n  Figures 1 7 ,  18, and 19 as temperature versus  time. 
of d a t a  p a s t  1 4  seconds w a s  due t o  the  f a i l u r e  of t h e  system supply tube 
and t h e  subsequent des t ruc t ion  of the  thermocouple l eads  by t h e  hot  gas. 

of t he  t h r e e  v a r i a t i o n s  of laminate thickness .  Figure 1 7  represents  da t a  
from t h e  upstream sec t ion .  
laminate  and t h e  th innes t  s i l i c a  phenolic laminate.  I n  t h i s  s e c t i o n  the  
backface of the  tungsten l i n e r  (T12) reached a temperature of approximately 
3500°F a t  9 seconds. 

The da ta  i n d i c a t e  t h a t  t h e  temperature began t o  f a l l  a f t e r  t h i s  

The lack  

The da ta  i n  each of t he  t h r e e  f i g u r e s  represent  temperature p r o f i l e s  

This  s e c t i o n  possessed t h e  t h i c k e s t  carbon 

t i m e ,  bu t  t h i s  i s  not  reasonable  because the  hot  gas continued t o  flow 
through the  test  sec t ion .  . The hea t  t r a n s f e r  i n t o  t h e  thermocouple junc- 
t i o n  w a s  a combination of conduction and r ad ia t ion .  The conduction prob- 
ably va r i ed  as thermal expansions caused re la t ive motion between the  junc- 
t i o n  and t h e  su r face  under observat ion.  
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The da ta  from t h e  second sec t ion  are shown i n  Figure 18. 
sec t ion  had carbon and s i l i c a  phenolic laminates of approximately equal  
thickness .  The tungsten l i n e r  backface temperature (Tg) i n  t h i s  s e c t i o n  
reached a temperature of 2800°F a t  5 seconds. 
s o l i d  propel lan t  ho t  gas ( T i l )  w a s  a l s o  sensed and recorded i n  t h i s  s ec t ion .  
The maximum recorded gas  temperature w a s  4600°F. 

This s ec t ion  has  the  th innes t  carbon laminate and t h e  th i ckes t  s i l i ca  
phenolic laminate.  The tungsten l i ne r  backface temperature (T15) reached 
2800°F a t  10 seconds. The d a t a  i n d i c a t e  t h a t  t h e  temperature a t  the  car- 
bon backface (T14) exceeded T i 5  during p a r t  of t h e  test;  t h i s  condi t ion 
i s  unreasonable and implies  t h a t  t h e  T i 4  thermocouple w a s  no t  funct ioning 
properly a t  t h a t  t i m e .  

components is  shown i n  Figures 20, 21 and 22. The por t ion  of manifold 
missing i n  Figure 20 is  the  system supply manifold. This manifold connec- 
ted  the  thermal ana lys i s  test  specimen t o  t h e  5500°F SPGG a f t  head. The 
system supply manifold f a i l u r e  w a s  due t o  heavy eros ion  of t h e  manifold's  
ATJ carbon and s i l i c a  phenolic l i n e r s  by the  5500°F s o l i d  propel lan t  gas 
as i t  expanded from t h e  SPGG load o r i f i c e .  

tungsten l i n e r s  and in su la t ion  d id  not  exhib i t  any eros ion  o r  d i s t o r t i o n  
from the  flow of hot gas. 

The next element i n  t h e  system manifolding w a s  t h e  flow d iv ide r .  
Heavy ex te rna l  erosion about the  body and the  f l ange  w a s  t h e  r e s u l t  of 
t h e  d i r e c t  b l a s t  of s o l i d  propel lan t  gas a f t e r  t he  supply manifold f a i l e d .  
I n t e r n a l  e ros ion  i n  the  flow d iv ide r  was not  de tec tab le .  

This 

The temperature of t he  

The da ta  from the  t h i r d  (downstream) sec t ion  are shown i n  Figure 19. 

The pos t - tes t  condi t ion of t h e  materials eva lua t ion  system and i ts  

The thermal ana lys i s  tes t  specimen withstood the  test  w e l l .  The 

The vent  o r i f i c e  w a s  made from high dens i ty  arc-cast tungsten.  The 
condi t ion of t he  o r i f i c e  a f t e r  t he  test  ind ica ted  t h a t  arc-cast  tungsten 
p a r t s  are adequate f o r  t h i s  hot  gas appl ica t ion .  

ures  2 1  and 22. 
as erosion,  cracking o r  warping but  d id  accumulate considerable  aluminum 
oxide. A s o l i d  co re  of aluminum oxide extended from the  cone s e c t i o n ,  
i n s i d e  the  end cap, through the  va lve  supply tube. The conica l  s ec t ion  
of the  but ton w a s  p a r t i a l l y  destroyed during disassembly. The aluminum 
oxide r e s idue  w a s  th ick ,  i nd ica t ing  low-velocity regions and cold sur faces .  

The condi t ion of t h e  main s t a g e  valve a f t e r  test is  shown i n  Fig- 
The valve d id  not  s u f f e r  from any s t r u c t u r a l  f a i l u r e  such 

T e s t  Conclusions 

The test  da t a  and hardware ind ica ted  t h a t  t h e  main s t age  vor tex  
va lve  s t a r t e d  t o  plug with aluminum oxide a t  2 seconds and w a s  completely 
plugged a t  11 seconds. The system supply manifold began t o  f a i l  a t  13.75 
seconds and w a s  completely severed i n t o  two sec t ions  10 seconds la ter .  
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Figure 20 - Materials Evaluation System After Test (Hot Gas Test No. 1) 

Figure 21 - 5500'F Vortex Power Valve Body and Internal Parts After Test 

24 



Figure 22 - 5500'F Vortex Power Valve Button Assembly Af ter  T e s t  

The test r e s u l t s  l e d  t o  t h e  following conclusions: 

(1) 

(2)  

The mass of t h e  tungsten p a r t s  w a s  too g r e a t  and should 
be reduced t o  minimize t h e  system hea t  s ink .  

Carbon phenol ic  manifold l i n e r s  should be u t i l i z e d  
i n  p l ace  of carbon g raph i t e  l i n e r s  t o  minimize hea t  
t r a n s f e r  and t o  minimize manifold erosion.  

System Supply manifold l eng ths  should be reduced t o  
minimize hea t  loss from t h e  hot  gas.  

(3) 
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SINGLE VORTEX VALVE SYSTEM PERFORMANCE TEST 

(Hot Gas T e s t  N o .  2) 

The system t e s t e d  i n  Hot G a s  T e s t  No. 2 consis ted of a s i n g l e  vortex 
valve system with a 2000°F p i l o t  s t age .  The tes t  ob jec t ives  w e r e  t o  deter-  
mine the  s t r u c t u r a l  i n t e g r i t y  of t h e  vor tex  valve design and i t s  c a p a b i l i t y  
t o  modulate the  flow of 5500°F aluminized gas  using 2000°F nonaluminized 
gas f o r  con t ro l .  

System Descript ion 

The schematic of t h e  system t e s t e d  i s  shown i n  Figure 23, and the  
test  se tup  i s  shown i n  Figure 24. The main s t age  vortex valve w a s  suppl ied 
from a 5500°F SPGG which w a s  f i t t e d  with a plenum chamber and vent  o r i f i c e .  
The con t ro l  gas  f o r  t h e  main s t a g e  vor tex  valve w a s  suppl ied by a 2000'F 
SPGG. 
poppet-type valve ac tua ted  by n i t rogen  cont ro l led  by a solenoid valve. 

assembly, t h e  o u t l e t  o r i f i c e ,  and t h e  valve plenum chamber l i n e r  a l l  were 
made from s i l v e r - i n f i l t r a t e d  tungsten.  The material used f o r  the  o r i f i c e  
r e t a i n i n g  p l a t e ,  t h e  valve por t  r i n g ,  end cap, and valve housing w a s  300 
series s t a i n l e s s  steel .  The i n s u l a t i o n  used i n  t h e  valve cons t ruc t ion  con- 
s i s t e d  of carbon phenolic,  s i l i ca  phenol ic ,  and ATJ graphi te .  The con t ro l  
flow i n j e c t o r s  w e r e  made from TZM molybdenum. 

The plenum chamber and vent  o r i f i c e  assembly were f ab r i ca t ed  by 
welding together  a modified 5500°F SPGG a f t  c losure  and plenum chamber- 
supply tube assembly made from 1020 carbon s teel .  The f ace  of t he  a f t  
c lo su re  w a s  l i n e d  with asbestos  phenolic,  and t h e  plenum chamber w a s  l i n e d  
with s i l i ca  phenolic.  The supply tube l i n e r s  and the  vent  o r i f i c e  in- 
s u l a t i o n  were made from carbon phenolic. The o r i f i c e  i s o l a t o r s  were 
made from ATJ g raph i t e ,  and the  vent  o r i f i c e  w a s  made from tungsten. 
of i the insulBtion and t h e  vent  o r i f i c e ,  except f o r  t h e  supply l i n e r s ,  
were bonded i n  p lace  with a high-temperature epoxy cement. 

The con t ro l  gas flow and pressure  w e r e  regulated by a vented 

I n  the  main s t a g e  vortex valve, t h e  vor tex  chamber, t he  but ton 

All 

T e s t  Resul t s  

P r i o r  t o  the  system ho t  gas tes t ,  t he  system and a l l  components 
w e r e  co ld  gas performance t e s t e d .  A l l  of t h e  system components functioned 
as predic ted ,  and t h e  main s t a g e  vor tex  valve had a turndown performance 
of 5.55 t o  1 a t  a control-to-supply pressure  r a t i o  of 1.40. 

The test  schematic i s  shown i n  Figure 25. Modulation of the  con t ro l  
pressure ,  Pc, w a s  provided by a solenoid va lve  t h a t  opened and closed a 
ven t  con t ro l  valve. 

The r e s u l t s  of t he  system cold gas tes t  are shown i n  Figure 26. 
Var ia t ion  of Pc by a square wave input  t o  t h e  solenoid valve caused t h e  
valve supply pressure ,  Ps, t o  vary as predic ted  from 965 p s i a  t o  515 p s i a ,  
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Figure 23 - Hot Gas Test Schematic of 5500'F Single Vortex Valve System 

Figure 24 - 5500'F Single Vortex Valve System (Hot Gas Test No. 2) 
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Figure 25 - T e s t  Schematic f o r  Cold 
Gas T e s t  of 5500°F S ing le  Vortex 

Valve System 

with a r e s u l t i n g  v a r i a t i o n  i n  Po from 165 p s i a  t o  255 p s i a .  The corres-  
ponding flow modulation from t h i s  tes t  w a s  1.8 t o  1. The l a g  i n  t h e  non- 
square  p re s su re  outputs ,  Ps,  Po and P,, from t h e  square wave pressure  
inpu t ,  PI,  w a s  caused by t h e  r e l a t i v e l y  l a r g e  volume under compression 
i n  t h e  va lve  supply l i n e  and t h e  response c h a r a c t e r i s t i c s  of t h e  vent  
c o n t r o l  valve.  

A l l  of t h e  hot  gas  test ob jec t ives  w e r e  n o t  m e t  because of t h e  m i s -  
f i r e  of t h e  2000°F SPGG, which w a s  t o  provide the  system's c o n t r o l  flow. 
The m i s f i r e  w a s  caused by an open c i r c u i t  i n  t h e  2000°F SPGG i g n i t o r  cir- 
c u i t .  The hot  gas test r e s u l t s  were obtained wi th  only t h e  5500°F SPGG 
i n  operat ion.  

This  i s  a p l o t  of Ps and 
Po versus  t i m e ,  s t a r t i n g  wi th  t h e  i g n i t i o n  of t h e  5500°F SPGG as t i m e  
zero.  The low l e v e l  of Ps f o r  t h e  f i r s t  2 seconds i n d i c a t e s  t h a t  t h e  
5500°F g r a i n  may not  have been burning over t h e  f u l l  f ace .  
a f t e r  i g n i t i o n ,  Ps r o s e  r ap id ly  from 285 t o  360 p s i a ,  i n d i c a t i n g  t h a t  t h e  
SPGG began opera t ing  normally a t  t h i s  po in t .  An i n s u f f i c i e n t  booster  
charge is  be l ieved  t o  be  t h e  probable cause of t h i s  apparent p a r t i a l  f a c e  
burning. 

Po = 150 ps i a .  
t i o n  d a t a ,  t h e  flow through t h e  vor tex  va lve  w a s  found t o  be: 

The test  d a t a  are p l o t t e d  i n  Figure 27. 

A t  2 seconds 

A t  t i m e  3 seconds, t h e  pressures  s t a b i l i z e d  a t  Ps = 360 p s i a  and 
Using t h e  va lues  of Ps and Po and cold gas flow ca l ib ra -  

I? = 0.45 l b / s e c  @ Po = 150 p s i a  
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Figure 27 - 5500'F Single Vortex Valve System T e s t  Results 
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29 



W = 0.42 l b / s e c  @ P = 360 p s i a  
0 S 

This  comparison i n d i c a t e s  t h a t  Po provided a good c o r r e l a t i o n  qf t h e  vo r t ex  
valve output  flow rat?. 
vent  o r i f i c e  ou tpu t ,  W v e 0 , ,  w e r e  found t o  be: 

With Ps = 360 p s i a ,  t h e  SPGG output ,  Wg, and t h e  

= 0.832 l b / s e c  
g 

W = 0.35 l b / s e c  
V.O. 

The SPGG output  flow (Gg = 0.832 l b / s e c )  i s  t h e  sum of t h e  vent  o r i f i c e  
flow and t h e  flow t o  t h e  vor tex  valve.  Thus, 

iJ = i  + G  g 0 V.O.  

= 0.45 + 0.35 

W = 0.80 l b / s e c  
g 

This r e s u l t  i n d i c a t e s  t h a t  t h e  test  da t a  provided good flow c o r r e l a t i o n  
between a l l  of t h e  active system components. 

moderpte rise which l a s t e d  t o  14 seconds. 
been t h e  r e s u l t  of a reduct ion  i n  t h e  flow area through t h e  vor tex  va lve  
caused by t h e  forward displacement of t he  bu t ton  f a c e  due t o  p l a s t i c  defor-  
mation. A s  t h e  space between t h e  but ton  and t h e  o u t l e t  ho le  decreases ,  
t h e  flow is r e s t r i c t e d  and t h e  r e s u l t i n g  inc rease  i n  p re s su re  drop ac ross  
the  bu t ton  f a c e  causes f u r t h e r  forward motion and supply pressure  rise. 

u n t i l ,  a t  18.6 seconds, Ps reached a maximum va lue  of 760 p s i a  and then 
began a r ap id  descent  t o  500 p s i a  a t  22 seconds. 
was t h e  r e s u l t  of t h e  continued reduct ion  i n  valve flow area caused by 
bu t ton  f a c e  d e f l e c t i o n .  
opening of a h o l e  through the  middle of t h e  bu t ton ,  which r e l i eved  t h e  
r e s t r i c t i o n  caused by thermal expansion. 

h o t  gas  test. 

A t  t i m e  4 seconds ,P0  s t a r t e d  a s l i g h t  dec l ine  whi le  Ps began a 
This  condi t ion  appea r s  t o  have 

A t  t i m e  14 seconds,  t h e  rate of i nc rease  of Ps became more r ap id  

This r ap id  pressure  rise 

The r ap id  decrease i n  p re s su re  w a s  caused by the  

The vo r t ex  va lve  body and end cap s u f f e r e d  no ill e f f e c t s  from t h e  
The valve c o n t r o l  p o r t  r i n g  w a s  s l i g h t l y  eroded on t h e  inne r  
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sur face  from the  backflow of 5500'F gas through the  i n j e c t o r s .  
backflow occurred because the  con t ro l  pressure,  which would have prevented 
the  backflow, w a s  l o s t  when t h e  2000'F SPGG f a i l e d  t o  operate ,  

i n j e c t o r s  were damaged ex tens ive ly  by t h e  backflow of 5500'F gas. The 
evidence of backflow w a s  seen by the  aluminum depos i t s  on t h e  upstream 
end of t he  i n j e c t o r s  and around t h e  con t ro l  p o r t  annulus. 
chamber and vent  o r i f i c e  housing remained i n  good general  condi t ion through- 
out t h e  test. 

The carbon phenol ic  i n s u l a t i o n  material used throughout t he  test 
system survived very w e l l .  
contained t h e  flow of 5500°F aluminized gas f o r  t h e  dura t ion  of t he  test 
with only normal erosion. 
each with a d i f f e r e n t  f a b r i c a t i o n  method. 
with the  laminates perpendicular t o  t h e  tube center l i n e .  The downstream 
sec t ion  w a s  molded with t h e  laminates a t  a 30-degree angle  t o  the  cen te r  
of t h e  tube. From t h e  appearances of tube cross-sect ion,  t h e  tube s e c t i o n  
with laminates at  30 degrees t o  t h e  tube center  l i n e  provided the  b e s t  
r e s i s t a n c e  t o  erosion. 

One unexpected r e s u l t  from t h e  test w a s  t h e  high s t r eng th  of carbon 
phenolic char.  
t he  mating tungsten p a r t s  t r i e d  t o  expand, t he  carbon phenolic char would 
crush and not  resist t h e  expansion of t h e  tungsten p a r t s .  
happen, and t h e  tungsten p a r t s  y ie lded  p l a s t i c a l l y  and were d i s to r t ed .  
This d i s t o r t i o n  of t he  tungsten vortex chamber could have been one of t h e  
causes f o r  t he  r e s t r i c t i o n  i n  t h e  vortex valve flow area, r e s u l t i n g  i n  
rapid supply pressure  buildup p r i o r  t o  the  but ton f a i l u r e .  The chamber 
d i s t o r t i o n  w a s  a t t r i b u t e d  t o  the  r e s t r a i n i n g  of t h e  ou t s ide  diameter by 
the  carbon phenolic during the  heatup and the  s o f t  p l a s t i c  condi t ion of 
the  tungsten material when i t  is  a t  operat ing temperature. 

burned a hole  through t h e  cone-shaped leading edge and through the  f l a t  
f ace  of t he  but ton  assembly as shown i n  Figure 28. It appears t h a t  t h e  
cone-shaped leading edge f a i l e d  f i r s t  with a long delay before  the  t r a i l i n g  
edge f a i l e d .  
but ton body bleed holes  as shown i n  Figure 29. 
appears t o  have been produced when t h e r e  w a s  simultaneous flow through 
t h e  bleed ho le  and over t he  ou t s ide  of t he  button. 
condi t ion would be most prominent when t h e r e  w a s  a ho le  i n  t h e  but ton 
leading edge and when the  t r a i l i n g  edge w a s  i n t a c t .  

gas flow passages should remain f r e e  from undesira&le aluminum oxide buildup. 
This ob jec t ive  w a s  accomplished as is indica ted  by; the  open flow passages 
shown i n  Figure 28. 
general  condi t ion,  with only a s m a l l  aluminum accdmulation i n  t h e  bottom 
of t h e  valve plenum chamber. Aluminum a l s o  w a s  deposited a t  the  con t ro l  
i n j e c t o r s  by the  backflow of 5500OF gas through the  i n j e c t o r s ,  

This 

While t h e  con t ro l  r i n g  w a s  only s l i g h t l y  eroded, t he  con t ro l  flow 

The plenum 

The va lve  supply tube i n s u l a t i o n  successfu l ly  

This supply tube w a s  constructed i n  two sec t ions ,  
The upstream s e c t i o n  was molded 

It w a s  expected t h a t  as t h e  carbon phenolic charred, and 

This d id  not  

The tungsten but ton  assembly f a i l e d  i n  two places .  The hot  gas 

This delay w a s  deduced from evidence of erosion around t h e  
This erosion p a t t e r n  

This  p a r t i c u l a r  f low 

One major ob jec t ive  of t he  valve design t e s t e d  w a s  t h a t  the  critical 

The o u t l e t  por t ion  of the  valve remained i n  good 
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Figure  28 - Valve End Cap, Body, and Button 

F igure  29 - Valve Button Body A i r  Bleed Hole 
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T e s t  Conclusions 

following conclusions were drawn from Hot G a s  T e s t  No .  2. 

The redesigned vor tex  valve el iminated t h e  aluminum 
oxide bui ldup about t h e  but ton ,  t h e  vor tex  chamber, 
and t h e  approach s e c t i o n  t o  t h e  vo r t ex  valve. 

The p l a s t i c  condi t ion  of t he  tungsten p a r t s  and the  
lack of aluminum oxide depos i t  i n d i c a t e  t h a t  t h e  system 
opera t ing  temperature was achieved e a r l y  i n  t h e  test. 

The o r i e n t a t i o n  of t h e  i n s u l a t i n g  f a b r i c  l a y  does 
a f f e c t  e ros ion  resistant p rope r t i e s .  

Design modi f ica t ions  of the  vo r t ex  valve are requi red  
t o  prevent  tungsten p a r t  d i s t o r t i o n  and bu t ton  burnthrough. 
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SINGLE VORTEX VALVE PERFORMANCE TEST 

(Hot G a s  T e s t  No. 3 )  

The system t e s t e d  i n  Hot G a s  T e s t  No. 3 cons i s t ed  of a s i n g l e  v o r t e x  
valve and a 2000°F p i l o t  s tage .  
t h e  modulation of 5500°F h ighly  aluminized h o t  gas flow and t o  eva lua te  
the t h i r d  design conf igura t ion  of t h e  main s t a g e  vo r t ex  valve. 

The test ob jec t ives  w e r e  t o  demonstrate 

S y s t e m  Descr ip t ion  

The system t e s t e d  (Figures  30 and 31)  i n  t h e  t h i r d  h o t  gas test w a s  
b a s i c a l l y  t h e  s a m e  system as t e s t e d  i n  the  second h o t  gas test  except 
f o r  t h e  redesigned main s t a g e  v o r t e x  valve.  
bu t ton  body, t h e  va lve  load o r i f i c e  and plenum chamber, and t h e  support  
r i n g  w e r e  a l l  made from s i l v e r - i n f i l t r a t e d  tungsten.  
t i o n  used i n  t h e  valve cons t ruc t ion  w a s  carbon phenolic.  The materials 
used f o r  t h e  o r i f i c e  r e t a i n i n g  p l a t e ,  t h e  va lve  end cap, t h e  valve housing, 
and t h e  o u t l e t  p re s su re  pickup adaptor  w e r e  300 series s t a i n l e s s  steel. 
The valve bu t ton  assembly cons is ted  of t h e  carbon s i l i c a  phenol ic  bu t ton  
cap r e t a i n e d  t o  t h e  s i l v e r - i n f i l t r a t e d  tungsten bu t ton  body by two press -  
f i t  forged  tungsten p ins .  The vo r t ex  va lve  c o n t r o l  i n j e c t o r s  were made 
from TZM molybdenum. 

The vo r t ex  chamber, t he  

A l l  of t h e  insu la-  

T e s t  Resul t s  

The cold gas tests of t he  system and components w e r e  as predic ted .  
The co ld  gas test r e s u l t s  w e r e  t h e  same as obtained i n  t h e  previous co ld  
gas tests. 

components performed t h e i r  intended func t ions  f o r  t h e  du ra t ion  of t h e  
test. Hot gas flow modulation performance of t h e  system w a s  less than 
expected. 
u r e  32 is a reproduct ion of t h e  a c t u a l  d a t a  as recorded on a s t r i p  cha r t .  
Figure 33 is a p l o t  of  vo r t ex  valve c o n t r o l  p re s su re ,  Pc, supply p re s su re ,  
Ps, and o u t l e t  p re s su re ,  Po,  versus  tes t  t i m e ,  t. 

The 5500'F SPGG performance f o r  t h i s  test w a s  compared wi th  t h e  
SPGG performance of t h e  two previous Bendix ho t  gas tests and wi th  t h e  
manufacturer 's  b a l l i s  t i cs  test and pro jec ted  performance. This  comparison 
w a s  made by p l o t t i n g  g r a i n  burn rate, r ,  versus  SPGG mean burn p res su re ,  
l?, on log-log coordinates  as shown i n  Figure 3 4 .  
cates t h a t  t h e  5500°F SPGG varies from the  manufacturer 's  p red ic ted  
performance a t  low burn pressures .  

1.8 seconds of burning, t h e  SPGG pres su re ,  Pg, dropped t o  1900 p s i a  and 
remained r e l a t i v e l y  cons tan t  a t  t h i s  value.  
s u r e  w a s  1900 p s i a  f o r  a t o t a l  burn t i m e  of 3 3 . 4  seconds. 

During t h e  ho t  gas test, a l l  of t h e  single-vortex-valve system 

%e test d a t a  obtained are shown i n  Figures 32 and 3 3 .  Fig- 

This comparison indi-  

A t  recorded t i m e  of 1.6 seconds,  t h e  2000°F SPGG i g n i t e d .  Af te r  

The SPGG average burn pres- 
The average 
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Figure 30 - T e s t  Schematic, Hot Gas T e s t  No. 3 ,  5500'F S ing le  Vortex 
Valve System 

Figure 31 - 5500'F S ing le  Vortex Valve System Hot G a s  T e s t  Arrangement 
(Hot Gas T e s t  No. 3)  
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SPGG pressure ,  Pg, w a s  lower than t h e  intended p res su re  of 2265 p s i a .  
This lower SPGG pressure ,  Pg, w a s  t h e  reason t h a t  t he  v o r t e x  valve con- 
t r o l  p ressure ,  Pc, never reached its ca l cu la t ed  va lue  of  1235 ps i a .  

sp ike  of 1050 p s i a .  
l a t i o n  cyc le ,  which l a s t e d  10 seconds. 
similar t o  t h e  f i r s t  cycle .  

a t  var ious  tes t  t i m e s ,  t h e  f a c t  became apparent  t h a t  Po d id  no t  provide 
s a t i s f a c t o r y  flow c o r r e l a t i o n  f o r  the  vo r t ex  valve. 
by reviewing t h e  t es t  d a t a  a t  t i m e  8 seconds. A t  t h i s  t i m e ,  t h e  5500'F 
SPGG had an o u t l e t  flow of 0.87 l b / s e c  and t h e  vent  o r i f i c e  w a s  flowing 
0.52 lb / sec .  These f i g u r e s  i n d i c a t e  t h a t  t he  vo r t ex  valve w a s  rece iv ing  
0.35 l b / s e c  of  h o t  gas. The cold-gas test d a t a  ind ica t ed  t h a t  the  vor tex  
valve flow f o r  Po = 175 p s i a  should be 0.96 lb / sec .  Thus, Po as an  ind i -  
c a t o r  of valve flow d i d  n o t  c o r r e l a t e  wi th  t h e  o t h e r  flow measurements. 

The f i r s t  modulation cyc le ,  from t i m e  5 seconds t o  11 seconds,  i s  
reproduced i n  Figure 35. 
va lue  of  Ps f o r  corresponding test va lues  of Pc. 
a c t u a l  Pc/Ps r a t i o  w a s  1.14 and t h e  apparent  vo r t ex  valve turndown w a s  
1.43 t o  1. 
corresponding valve turndown should have been 1.54 t o  1. 
gas turndown w a s  7% less than t h e  t h e o r e t i c a l  turndown a t  t h i s  t i m e .  

i n g  apparent  valve flow turndown w a s  1.42 t o  1. 
Pc/Ps w a s  1.3,  which would have r e s u l t e d  i n  a p red ic t ed  turndown r a t i o  
of 4.05 t o  1. 
turndown a t  t h i s  t i m e .  This low main s t a g e  vo r t ex  valve performance is  
a t t r i b u t e d  t o  t h e  h o t  gas e ros ion  of the  valve c o n t r o l  i n j e c t o r s  as 
ind ica t ed  by a pos t - t e s t  examination. 

The gene ra l ly  good p o s t - t e s t  condi t ion  of t h e  vo r t ex  valve is  
shown i n  Figure 36. The vo r t ex  valve load  o r i f i c e  and t h e  vent  o r i f i c e  
remained open wi th  no d i s t o r t i o n .  
any ill e f f e c t s  from t h e  h o t  gas test w a s  t h e  vo r t ex  valve c o n t r o l  p o r t  
r ing .  
b a r r e l  shape. This f a i l u r e  w a s  due t o  backflowing of t h e  5500°F vor t ex  
valve supply gas through t h e  c o n t r o l  i n j e c t o r s  a f t e r  t h e  burnout of t h e  
2000'F SPGG. 
bui ldup on t h e  upstream s i d e  of t h e  i n j e c t o r s .  

condi t ion  than a f t e r  t h e  previous h o t  gas tests. 
n o t  s u f f e r  burnthrough but  d i d  show some eros ion .  
p a r t s  experienced expansion d i s t o r t i o n  o r  burnthrough, and the  valve 
remained f r e e  from aluminum oxide buildup. 

A t  3.4 seconds,  t h e  5500'F SPGG i g n i t e d  and produced a p res su re  
A t  5.4 seconds,  t h e  system s t a r t e d  i t s  f i r s t  modu- 

The remaining four  cycles  w e r e  

I n  compiling a flow balance between the  system's var ious  components 

This i s  i l l u s t r a t e d  

Also shown i n  t h e  f i g u r e  is t h e  t h e o r e t i c a l  
A t  t i m e  8 seconds,  t h e  

A t  t h i s  t i m e ,  a Pc/P, r a t i o  of 1.25 w a s  p red ic ted  and t h e  
Thus, t he  hot  

A t  t i m e  10 seconds, Pc/Ps ( ac tua l )  w a s  equal  t o  1 .5  and the  r e s u l t -  
The ca l cu la t ed  va lue  f o r  

Thus, t h e  h o t  gas turndown was  65% less than t h e  t h e o r e t i c a l  

The only e x t e r i o r  po r t ion  t o  s u f f e r  

This p a r t  burned through i n  two p laces  and d i s t o r t e d  i n t o  a 

Evidence of t h i s  supply gas backflow w a s  aluminum oxide 

The i n t e r i o r  of t h e  main s t a g e  v o r t e x  valve w a s  i n  f a r  b e t t e r  
The valve bu t ton  d id  
None of t h e  tungsten 

The only p a r t s  of t h e  valve 
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Figure 36 - Vortex Valve and End Cap 
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t o  f a i l  w e r e  t h e  c o n t r o l  i n j e c t o r s .  
mately 0.75 inch  back from t h e  vo r t ex  chamber w a l l .  
l o s s  of t h e  i n j e c t o r s  is that molybdenum has  too low a melt ing temperature 
f o r  t h i s  appl ica t ion .  

The i n j e c t o r s  w e r e  eroded approxi- 
The cause of t he  

Post-Test Evaluation 

Af te r  Hot Gas T e s t  No. 3, a pos t - t e s t  eva lua t ion  w a s  made t o  de te r -  
mine the  reasons f o r  t h e  low h o t  gas performance of t h e  main s t a g e  vo r t ex  
valve. Two poss ib l e  reasons f o r  t h e  low performance w e r e  i nves t iga t ed .  

(1) The loss  of c o n t r o l  i n j e c t o r s  may have caused s u f f i c i e n t  
degradat ion of t h e  i n t e r a c t i o n  of t h e  c o n t r o l  and supply 
flow momentums t o  produce low vor t ex  valve performance. 

The 2000°F c o n t r o l  gas may n o t  have imparted s u f f i c i e n t  
c o n t r o l  momentum t o  the  aluminum oxide p a r t i c l e s  i n  the  
supply gas t o  produce t h e  des i r ed  flow modulation. It 
w a s  poss ib l e  t h a t  t h e  2000'F con t ro l  gas ac t ed  only on 
t h e  gaseous products  and n o t  on the  d r o p l e t s  of molten 
aluminum oxide i n  t h e  5500'F supply gas.  

These p o s s i b i l i t i e s  were inves t iga t ed  by a computer s imula t ion  of 

The vo r t ex  valve computer s imula t ion  as shown i n  Appendix A, Fig- 

The main s t a g e  vo r t ex  valve as t e s t e d  should 

(2)  

vor t ex  valve performance and by co ld  gas tests. 

u r e  BO, i n d i c a t e s  how t h e  temperature of  t h e  c o n t r o l  gas a f f e c t s  t he  
vor tex  valve performance. 
have produced a flow modulation of a t  least 3.56 t o  1. 

low hot  gas vor tex  valve performance. 
t h e  e f f e c t  of heavy p a r t i c l e s  i n  t h e  supply gas. This w a s  accomplished 
by opepating a r ep resen ta t ive  model of t h e  main s t a g e  vo r t ex  valve and 
comparing performance, f i r s t ,  wi th  n i t rogen  as both t h e  con t ro l  gas and 
supply gas and, second, wi th  the  supply gas being a mixture of n i t rogen  
and l ead  n i t r a t e  so lu t ion .  The l e a d  n i t r a t e  w a s  introduced i n t o  t h e  
n i t rogen  supply gas t o  s imula te  t h e  aluminum oxide p a r t i c l e s  i n  t h e  
5500'F h o t  gas. 
p a r t i c l e s  had on t h e  vo r t ex  flow f i e l d .  
t h a t  t h e  p a r t i c l e s  would n o t  fol low the  vo r t ex  f i e l d  s t reaml ines  because 
of t h e i r  i n e r t i a .  

Two cold gas tests w e r e  run t o  eva lua te  t h e  poss ib l e  reasons f o r  
The f i r s t  test w a s  run t o  determine 

It w a s  n o t  clear what e f f e c t  t h e  heavy aluminum oxide 
A d i s t i n c t  p o s s i b i l i t y  e x i s t e d  

The tes t  w a s  run u t i l i z i n g  t h e  schematic shown i n  Figure 37. The 
r e s u l t s  of t he  test and a base l i n e  test conducted wi th  pure n i t rogen  
c o n t r o l  and supply gas are shown i n  Figure 38. These tests ind ica t ed  
t h a t  heavy p a r t i c l e s  i n  t h e  vo r t ex  valve supply gas had l i t t l e  e f f e c t  on 
t h e  valve performance. 

The second tes t  w a s  conducted t o  eva lua te  t h e  e f f e c t  of eroded 
con t ro l  i n j e c t o r s .  This test w a s  run wi th  pure n i t rogen  c o n t r o l  and 
supply gas and u t i l i z e d  a vo r t ex  va lve  wi th  c o n t r o l  i n j e c t o r s  modified 
as shown i n  Figure 39. The r e s u l t s  of t h i s  tes t ,  which a l s o  are shown 
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in  Figure 38, indicate that the eroded control injectors seriously affect  
vortex valve performance and increase the required control pressure to  
turn down the vortex valve. 

observed was due to the erosion of the valve control injectors. 
The conclusion is  that the l o w  main stage vortex valve performance 
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5500’F PUSH-PULL SYSTEM TEST 

(Hot G a s  T e s t  No. 4 )  

I 

The f o u r t h  h o t  gas test was conducted t o  demonstrate t h e  flow modu- 
l a t i o n  of h ighly  aluminized 5500’F s o l i d  p r o p e l l a n t  gas wi th  vo r t ex  va lve  
con t ro l l ed  push-pull system hardware (as  might be employed i n  a SITVC 
system), and t o  v e r i f y  t h e  s t r u c t u r a l  i n t e g r i t y  of the system design. 

A1 

(A2 

System Descr ip t ion  

The 5500OF push-pull system schematic,  shown i n  Figure 40, cons is ted  
of one 5500’F and two 2000’F s o l i d  p r o p e l l a n t  gas genera tors ,  a p i l o t  
s t a g e  comprising two vor t ex  a m p l i f i e r  valves con t ro l l ed  by a torque motor 
and f lapper-nozzle  valve, two main s t a g e  vo r t ex  valves, a s p e c i a l l y  
designed check valve, a r e l i e f  valve, and plenum chambers and manifolding 

SPGC NO. 1 

CHECKVALVE 

p-45% 

00”” 
MAINSTAGE I 

VORTEXVALVENO.2  

I 

n I 

F igure 40 - T e s t  Schematic f o r  5500’F Push-Pull System 
(Hot Gas T e s t  No. 4 )  
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The two main s t a g e  vo r t ex  valves w e r e  mounted 180 degrees a p a r t  on oppos i te  
s i d e s  of t h e  5500'F SPGG plenum chamber. 
above t h e  5500'F SPGG plenum chamber and connected t o  t h e  main s t a g e  
vor tex  valves wi th  tube  manifolds.  
t h e  two 2000'F SPGG'S, which w e r e  f i r e d  i n  sequence i n  order  t o  extend 
the  p i l o t  s t a g e  opera t ing  t i m e  beyond t h e  5500'F SPGG opera t ing  t i m e  t o  
prevent  t h e  backflow of h o t  gas i n t o  t h e  p i l o t  s t age .  

The conf igura t ion  of  t h e  two main s t a g e  vo r t ex  valves as u t i l i z e d  
i n  Hot G a s  T e s t  No.  4 is shown i n  Figure 41. The valve component materials 
are: 303 s t a i n l e s s  steel housing; RA-330 (AMS-5716) s t a i n l e s s  steel con- 
t r o l  flow annulus r i n g s  and c o n t r o l  manifold; carbon phenol ic  and g r a p h i t e  
phenol ic  i n s u l a t i o n ;  Viton "0" r i n g s ;  and 15% s i l v e r - i n f i l t r a t e d  tungsten 
l i n e r s  and c o n t r o l  i n j e c t o r s .  

s t a g e  torque motor f l appe r  i n  n u l l  pos i t i on .  
SPGG w a s  i gn i t ed .  
backflowing of t h e  55OOOF aluminized gas i n t o  t h e  p i l o t  s t age .  
2 seconds of 5500'F SPGG opera t ion ,  t h e  torque  motor began r ece iv ing  i t s  
pre-programmed opera t ion  s i g n a l s .  The torque motor con t ro l l ed  the  p i l o t  
s t a g e  v o r t e x  a m p l i f i e r  valves, which, i n  t u r n ,  con t ro l l ed  t h e  main s t a g e  
vo r t ex  valves. 

The p i l o t  s t a g e  w a s  mounted 

The p i l o t  s t a g e  w a s  suppl ied  from 

The system w a s  operated by f i r i n g  2000'F SPGG No. 1 wi th  t h e  p i l o t  
A f t e r  2 seconds, t h e  5500'F 

The p i l o t  s t a g e  w a s  p ressur ized  f i r s t  t o  prevent  t h e  
Af t e r  

T e s t  Resul t s  

The cold gas tests of t he  system and its components w e r e  conducted 

On n i t rogen  gas t h e  main s t a g e  vo r t ex  valves 
with t h e  test arrangement diagrammed i n  Figure 4 2 .  
t h e  pred ic ted  performance. 
demonstrated a flow modulation range of 5 t o  1 a t  a control-to-supply 
pressure  r a t i o  of  1.4.  
a system inpu t  s i g n a l  of 0.5 cps is shown i n  Figure 4 3 .  

Pg. The f a c t  t h a t  t h e  system ou tpu t s ,  P8 and Pg, were d i s t o r t e d  s i n e  
waves w a s  due t o  t h e  c h a r a c t e r i s t i c  nonl inear  shape of t he  main s t a g e  
vor tex  valve turndown curve. 

The 5500'F push-pull system duty cyc le  used f o r  t h e  fou r th  h o t  gas 
test i s  shown i n  Figure 4 4 .  

The c a p a b i l i t y  of t h e  vo r t ex  va lve  t o  modulate t h e  flow of h ighly  
aluminized 5500'F gas i s  shown i n  t h e  form of f i l m  s t r i p s  i n  Figure 45. 
These f i l m  s t r i p s  show a po r t ion  of a cyc le  of each main s t a g e  vo r t ex  
va lve  operat ion.  The f i l m  s t r i p s  are segments of t h e  test movies, from 
d i f f e r e n t  cameras, and both segments have a common t i m e  base. The com- 
p l e t e  test movies ind ica t ed  t h a t  each main vo r t ex  valve modulated t h e  
flow of 5500'F gas through 14 cycles  of opera t ion  a t  a rate of 5 cps. 
During t h e  remainder of t h e  test, the  vo r t ex  valves flowed equal  amounts 
of 5500'F gas. 

The tests v e r i f i e d  

A po r t ion  of t h e  system cold gas test d a t a  with 

The main s t a g e  vo r t ex  valve output  flow w a s  determined by P8 and 
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VORTEX VALVE 

Figure 42 - T e s t  Schematic f o r  Cold G a s  T e s t  
of 5500°F Push-pull System 

The recorded test d a t a  are shown i n  Figures 46 and 47. A por t ion  
of t he  da t a  w a s  not obtained during t h e  test because of inst rumentat ion 
malfunction. The da ta  l o s t  w e r e  t h e  main s t age  vor tex  valve supply and 
o u t l e t  p ressures ,  P10 through P15. The l o s s  of t h i s  da t a  prevented t h e  
ca l cu la t ion  of t he  main s t a g e  vor tex  valve a c t u a l  ho t  gas turndown per- 
formance. The cause of t h e  instrumentat ion malfunction w a s  t h a t  i n s t r u -  
ment grease i n  the  pressure  transducer l i n e s  became too viscous during 
the  pre-test preparat ion because of t he  low ambient temperature. This 
grease had been used i n  a l l  previous tests t o  p ro tec t  t he  pressure  t rans-  
ducers during system s t a r t u p ,  and no problems w e r e  encountered when 
ambient test temperatures w e r e  higher  than a t  the  t i m e  of t h i s  test. 

of 5500'F gas a f t e r  14 cycles  of operat ion w a s  :he development of leaks 
i n  t h e  p i l o t  s-tage. 
of t he  p i l o t  s t a g e  vor tex  valves.  
t he  pressure  l e v e l  of P4 and P5 (see Figure 40) a t  test t i m e  4 seconds. 
The decrease i n  P4 and P5, o r  the  l o s s  of the  p i l o t  s t a g e  con t ro l  pressure,  

The reason the  main s t a g e  vor tex  valves ceased t o  modulate t h e  flow 

The leaks  i n i t i a l l y  occurred i n  the  cont ro l  s ec t ion  
These leaks  produced a decrease i n  
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Figure 4 3  - 5500°F Push-pull System Cold Gas Test Results 
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MAIN STAGE VORTEX VALVE NO. 1 MAIN STAGE VORTEX VALVE NO. 2 

Figure  45 - 5500°F Push-pull System During Operation 
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caused t h e  p i l o t  s t a g e  outputs ,  P6 and P a ,  t o  remain cons tan t .  
p i l o t  s t a g e  outputs  cons tan t ,  t h e  main s t a g e  vo r t ex  valves ceased t o  
modulate the  flow of 5500°F gas ,  bu t  continued t o  flow the  ho t  gas i n  a 
p a r t i a l  turndown mode u n t i l  t h e  No. 1 2000°F SPGG burned out .  

t he  sequence of test  events  of t he  system w a s  concluded t o  be: 

SJith the  

By u t i l i z i n g  t h e  a v a i l a b l e  recorded test d a t a  and t h e  test  movies, 

T i m e  Event 

0 sec 2000°F SPGG No.  1 ign i t ed .  

1 . 5  sec 5500°F SPGG ign i t ed .  

2.5 sec F i r s t  main s t a g e  va lve  turndown cyc le  began. 

4.0 sec P i l o t  s t a g e  vo r t ex  valve c o n t r o l  pressure  began 
t o  drop because of a l eak  between o r i f i c e s  A 3  
and A5, and between o r i f i c e s  A10 and A16. 

5 .3  sec L a s t  of t h e  main s t a g e  vo r t ex  va lve  turndown 
cycles .  The valves  began t o  flow equal  amounts 
of 5500°F gas i n  a p a r t i a l  turndown mode. 

6 .5  s e c  2000°F SPGG breech pressure  began dropping 
because of a l eak  upstream of o r i f i c e s  A3 and 
A10. This l eak  w a s  t he  r e s u l t  of the loss  of 
two threaded plugs i n  the  p i l o t  s t age  housing. 

32 s e c  

34 sec 

2000'F SPGG No. 1 began i t s  burnout,  and 2000°F 
SPGG No. 2 i g n i t e d  but  b u r s t  i t s  s a f e t y  head and 
f a i l e d  t o  p re s su r i ze  the  p i l o t  s t a g e  because t h e  
check va lve  s tuck.  

The con t ro l  manifold f o r  t h e  main s t a g e  vor tex  
va lve  No. 1 began t o  burn through because 5500'F 
gas w a s  backflowing i n t o  t h e  c o n t r o l  manifold 
as t h e  r e s u l t  of low p res su re  i n  the  p i l o t  s t a g e  
a f t e r  t he  burnout of 2000°F SPGG No. 1. 

45 sec The 5500'F SPGG began i t s  burnout 

Hot Gas Test No. 4 provided evidence of t he  main s t a g e  vor tex  va lve  
s t r u c t u r a l  i n t e g r i t y .  Figures 48 and 49 show one of t he  main s t a g e  vo r t ex  
valves  during disassembly. Figure 49 shows a cross-sect ion of the  i n s i d e  
of one of the  vo r t ex  valves .  These p i c t u r e s  show t h a t  t h e  main s t a g e  
vor tex  valves were a b l e  t o  conta in  the  flow of 16% aluminized 5500°F 
s o l i d  p rope l l an t  gas f o r  43.5 seconds of tes t  t i m e  without any tungsten 
d i s t o r t i o n ,  burnthrough, excessive aluminum oxide bui ldups,  o r  excess ive  
i n s u l a t i o n  e ros ion .  

T e s t  Conclusions 

The 5500'F SITVC System Hot Gas Test  N o .  4 demonstrated t h e  a b i l i t y  
of t h e  vor tex  valve t o  contain and modulate the  flow of  16% aluminized 
5500'F s o l i d  p rope l l an t  gas. 
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Figure 48 - 5500°F Push-Pull System Vortex Valve No. 1 (Post-Test 
Disas semb l y  ) 

Figure 49 - 5500OF Vortex Valve Button and Chamber (Post-Test Disassembly) 
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From t h e  ava i l ab le  test information, t h e  performance r e s u l t s  of 

(1) The main s t a g e  vor tex  valves a-re ab le  t o  modulate t h e  flow 
of 5500'F highly aluminized s o l i d  propel lan t  gas from 
0.95 l b / s e c  t o  zero.  

The vor tex  valves modulated t h e  flow of  5500°F gas through 
14 cycles  of opera t ion  a t  a rate of 5 cps. 

The vor tex  valves operated i n  a p a r t i a l  turndown mode f o r  
26 seconds a f t e r  t h e  valves' con t ro l  s i g n a l  stopped modulating. 

The 5500OF SPGG burned f o r  45 seconds a t  an average pressure  
of 1000 p s i g  and an  average flow rate of 0.95 lb / sec .  

The 2000'F SPGG No. 1 burned f o r  32 seconds a t  an average 
pressure  of 2240 p s i a  and an average flow rate of 1.01 lb / sec .  

Hot G a s  T e s t  No. 4 were concluded t o  be: 

(2) 

(3) 

(4) 

(5) 
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5500'F PUSH-PULL SYSTEM TEST 

(Hot G a s  T e s t  No. 5)  

The f i f t h  h o t  gas tes t  w a s  conducted t o  determine t h e  h o t  gas per- 
formance of t h e  5500'F push-pull system and t h e  main s t a g e  vo r t ex  valves, 
and t o  v e r i f y  t h e  system c a p a b i l i t y  of handl ing h ighly  aluminized 5500'F 
s o l i d  p rope l l an t  gas. 

System Descr ip t ion  

The system t e s t e d  w a s  b a s i c a l l y  t h e  s a m e  as t h a t  t e s t e d  i n  t h e  
f o u r t h  ho t  gas test. The system p i l o t  s t a g e  contained a torque motor, 
a flapper-nozzle va lve  assembly, and two vor t ex  ampl i f i e r  valves .  The 
p i l o t  s t a g e  o r i f i c e s ,  f l a p p e r ,  nozzles ,  and t h e  vor tex  ampl i f i e r  valves 
were cons t ruc ted  from molybdenum. 
w e r e  made from a high n i c k e l  content  s t a i n l e s s  s teel ,  and a l l  of t h e  
p i l o t  s t a g e  seals w e r e  annealed copper crush-type r i n g  seals. 

The p i l o t  s t a g e  body and manifolds 

T e s t  Resul t s  

The complete 5500'F push-pull system w a s  cold gas t e s t e d  u t i l i z i n g  
t h e  schematic shown i n  Figure 50. 
s t a g e  valves  a t  1815 p s i a ,  and t o  the  main s t a g e  valves  a t  520 ps i a .  
The system cold gas tests were run a t  pressures  lower than t h e  expected 
ho t  gas test pressures  because of pressure  l i m i t a t i o n s  of t h e  cold gas 
source.  The r e s u l t s  of t h e  test are shown i n  Figures51 and 52. A tabu- 
l a t i o n  of t h e  test r e s u l t s  a t  var ious  f requencies ,  which compares t h e  
design values  wi th  t h e  observed test r e s u l t s  and t h e  pro jec ted  tes t  
r e s u l t s ,  i s  shown i n  Table 2. The cold gas tes t  d a t a  w a s  modified by t h e  
r a t i o  of P i  (cold gas t e s t )  t o  P i  ( t h e o r e t i c a l )  and recorded as pro jec ted  
d a t a  f o r  comparison wi th  ho t  gas test r e s u l t s .  
t h a t  t h e  observed pressures  were very c l o s e  t o  t h e  pred ic ted  design values .  
The test schematic and duty cyc le  f o r  t h e  f i f t h  ho t  gas test are shown i n  
Figures 53 and 54, respec t ive ly .  

t h e  h o t  gas flow and t o  withstand t h e  h ighly  e ros ive  gas. 
test show that t h e  output  flow of each main s t a g e  va lve  w a s  being modulated. 
However, t h e  d a t a  which would have shown t h e  output  flow v a r i a t i o n  of t h e  
main s t a g e  va lves  were no t  recorded because t h e  pressure  p o r t s  became 
plugged by t h e  aluminum oxide present  i n  t h e  h o t  gas. 

The tes t  
d a t a  i n d i c a t e  t h a t  t h e  5500'F SPGG and 2000'F SPGG No. 1 both operated 
a t  lower pressures  than expected (Figures 57 and 58) ,  and t h a t  2000'F 
SPGG No. 2 w a s  spontaneously i g n i t e d  one-half second a f t e r  2000'F SPGG 
No. 1 w a s  c o r r e c t l y  ign i t ed .  The cause of t h e  low SPGG burn pressures  
and t h e  e a r l y  i g n i t i o n  of SPGG No. 2 w a s  due t o  a l e a k  i n  t h e  check valve 

Nitrogen w a s  suppl ied  t o  t h e  p i l o t  

The test  r e s u l t s  i nd ica t ed  

Hot Gas T e s t  No. 5 demonstrated t h e  a b i l i t y  of t h e  system t o  modulate 
Movies of t h e  

The recorded tes t  d a t a  are shown i n  Figures  55 and 56. 
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Figure 50 - T e s t  Schematic f o r  Cold G a s  T e s t  of 
5500'F Push-pull System 

which separa ted  t h e  two 2000'F SPGG'S. 
appears t o  have exhausted t h e  gas that  was not  consumed by t h e  p i l o t  
s t age ,  via the SPGG No. 2 breech and ruptured b u r s t  diaphragm. 

nent pressure  r a t i o s  is shown i n  Table 3.  
a t  a pressure  t h a t  w a s  low by 600-700 ps i a ,  t h e  tabula ted  test pressures  
w e r e  modified by a r a t i o  o f  Pi (design value)  versus  P i  ( test  value)  and 
these  numbers are l i s t e d  as pro jec ted  test r e s u l t s .  
r e s u l t s  provided a means of comparing t h e  system performance w i t h  design 
predic t ions .  Most of t h e  pro jec ted  pressures  w e r e  c l o s e  t o  their  design 
values ,  i n d i c a t i n g  t h a t  t h e  system w a s  funct ioning s a t i s f a c t o r i l y  and 
only lacked s u f f i c i e n t  supply pressure.  

This s a m e  check va lve  l eak  a l s o  

A t abu la t ion  of the var ious  recorded tes t  pressures  wi th  t h e  p e r t i -  
Since 2000'F SPGG No. 1 burned 

The pro jec ted  test 
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Figure 53 - Test Schematic for 5500'F Push-pull 
System (Hot Gas Test No. 5) 
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The r e s u l t s  of t h e  var ious  temperatures recorded during t h e  test 
are shown i n  Figures 59 and 60. The temperature d a t a  i n d i c a t e  t h a t  t h e  
maximum s k i n  temperature reached by t h e  main s t a g e  valves and manifolds 
w a s  800'F. 
i n g  i n  Figure 60 show t h a t  t h e  main s t a g e  vo r t ex  valve c o n t r o l  gas w a s  
at  1840'F and t h a t  t h e  c o n t r o l  manifold a l s o  reached 1840'F. 

Pos t - t e s t  hardware in spec t ion  showed t h a t  t h e  output  p re s su re  t a p  
and c o n t r o l  i n j e c t o r s  of t he  main s t a g e  valves w e r e  plugged by aluminum 
oxide. Aluminum oxide depos i t s  w e r e  found i n  t h e  p i l o t  s t a g e  c o n t r o l  
i n j e c t o r s ;  a l l  of  t hese  depos i t s  w e r e  due t o  t h e  backflow of t h e  5500°F 
gas when t h e  2000'F gas genera tor  burned out .  

i s  shown i n  Figure 61. 
s t i l l  i n  good condi t ion  a f t e r  t h e  h o t  gas test. 

These p a r t s  are i n s u l a t e d  from t h e  h o t  gas. The d a t a  appear- 

The pos t - t e s t  condi t ion  of t h e  main s t a g e  valves and plenum chamber 
The p i c t u r e  i n d i c a t e s  t h a t  t h e  materials w e r e  

T e s t  Conclusions 

The pos t - t e s t  examination of t h e  system hardware and the  eva lua t ion  
of t h e  recorded d a t a  allow t h e  fol lowing conclusions t o  be drawn con- 
cerning t h e  5500'F Push-Pull System Hot G a s  T e s t  No. 5. 

The main s t a g e  vo r t ex  valves, manifolds ,  and p i l o t  s t a g e  
materials are adequate f o r  t he  test per iod.  

The main s t a g e  v o r t e x  valves modulated t h e  5500'F gas 
flow (based on t h e  f i l m  coverage).  

The 2000'F SPGG No.  2 f i r e d  prematurely because of leakage 
i n  t h e  check valve,  and t h e  premature f i r i n g  ruptured t h e  
b u r s t  d i s k  on t h a t  generator .  

The system ope ra t ing  pressures  w e r e  less thari p red ic ted  
because t h e  2000'F SPGG ran  low and thereby unloaded t h e  
main s t a g e  gas generator .  

Flow d a t a  f o r  t h e  main s t a g e  valves w e r e  no t  recorded 
because aluminum oxide plugged t h e  pressure  t a p  p o r t s .  
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Figure 59 - Skin Temperature Variation as Function of Time 
(Hot Gas Test No. 5) 
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5500'F SITVC SYSTEM TEST 

(Hot G a s  T e s t  No. 6) 

) 

The system t e s t e d  i n  Hot G a s  T e s t  No.  6 w a s  a 5500'F vo r t ex  valve 
con t ro l l ed  SITVC system mounted on a s imulated rocke t  motor. 
o b j e c t i v e  w a s  t o  ob ta in  flow modulation of h ighly  aluminized 5500'F s o l i d  
p rope l l an t  gas wi th  t h e  SITVC system hardware. The t e s t i n g  w a s  conducted 
i n  two p a r t s ,  system and component cold gas tests, and a system ho t  gas 
test. 

The test 

(--. SONIC 
ORIFICE 

System Descript ion 

The 5500'F vo r t ex  valve con t ro l l ed  SITVC system cons is ted  of two 
main s t a g e  v o r t e x  valves, a 5500'F SPGG f o r  main s t a g e  supply,  a 2000'F 
SPGG f o r  p i l o t  s t a g e  supply,  and a p i l o t  s t a g e  containing two vor t ex  ampli- 
f i e r  valves con t ro l l ed  by a torque  motor dr iven  f lapper-nozzle  valve. 
All of t h e  SITVC system hardware w a s  of t h e  same design as u t i l i z e d  i n  
Hot G a s  T e s t  No. 5 except f o r  t h e  flow measurement technique. 

vo r t ex  va lve  load o r i f i c e ,  a "weeping" o r i f i c e  system, Figure 62 ,  w a s  
used f o r  flow measurement. 
p ressure  p o r t  as a subsonic o r i f i c e ,  which w a s  f ed  by an upstream son ic  
o r i f i c e  from a n i t rogen  gas supply.  
v i d e  a constant  n i t rogen  flow out  of t h e  p o r t  under a l l  tes t  condi t ions 

I n  add i t ion  t o  t h e  conventional sens ing  p o r t  i n  t h e  main s t a g e  

The system used t h e  vo r t ex  valve load o r i f i c e  

The son ic  o r i f i c e  w a s  s i z e d  t o  pro- 

MAIN STAGE VORTEX VALVE 
LOAD ORIFICE 

I 

PRESSURE PORT 
N2 FLOW) 

FLOW OF 

FROM VORTEX VALVE 
550OoF HOT GAS __F 

P 
d 

Figure 62 - Main Stage Vortex Valve Weeping O r i f i c e  
Flow Measurement Sys t e m  
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wi th  t h e  n i t rogen  source regula ted  at  2000 ps ia .  
flow through t h e  va lve ' s  load o r i f i c e  caused a v a r i a t i o n  i n  flow impedance 
of n i t rogen  through t h e  pressure  po r t .  This v a r i a t i o n  of flow impedance 
produced a change i n  p re s su re  upstream of t h e  p re s su re  po r t .  This pres-  
s u r e  v a r i a t i o n  w a s  c a l i b r a t e d  t o  provide t h e  measurement of flow through 
t h e  vo r t ex  valve. 

The change . in  h o t  gas 

Cold G a s  T e s t  Resul t s  

The main s t a g e  v o r t e x  valves, t h e  p i l o t  s t a g e  vo r t ex  valves, and 
t h e  complete SITVC system were cold gas t e s t e d  t o  v e r i f y  t h e i r  intended 
performance. A por t ion  of t h e  cold gas test r e s u l t s  are shown i n  Fig- 
ures  63,  6 4 ,  and 65. Figure 63 is  t h e  t y p i c a l  turndown performance of 
t h e  p i l o t  s t a g e  a m p l i f i e r  vo r t ex  valves, and Figure 64 is t h e  t y p i c a l  
cold gas performance of t h e  main s t a g e  vo r t ex  valve.  

Figure 65 shows t h e  t y p i c a l  f low c a l i b r a t i o n  curve f o r  t h e  main 
s t a g e  vo r t ex  valve flow measurement system. 
p l o t  of t o t a l  valve o u t l e t  flow (io> versus  valve o u t l e t  p re s su re  (p0 o r  
Pow). 
o u t l e t  p ressure  when t h e  c o n t r o l  flow w a s  zero,  bu t  t h e  flow w a s  no t  pro- 
p o r t i o n a l  t o  o u t l e t  p re s su re  when t h e  va lve  c o n t r o l  pressure  w a s  g r e a t e r  
than the  supply pressure  ( i . e . ,  dur ing valve turndown). The l a c k  of 
p ropor t iona l i t y  between valve o u t l e t  flow and o u t l e t  p ressure  during 
valve turndown w a s  caused by t h e  s w i r l  t h a t  w a s  imparted t o  t h e  gas t h a t  
passed through t h e  vo r t ex  valve. 
r e t a i n s  t h i s  vo r t ex  s w i r l  a c t i o n ,  which produces a cross-sect ion of gas 
across  t h e  o r i f i c e  t h a t  i s  no t  of uniform s ta t ic  pressure .  
t h e  ou t s ide  per iphery of  t h e  o r i f i c e  i s  a t  a h igher  p re s su re  and dens i ty  
than t h e  gas a t  t h e  center .  
v o r t i c i t y  i n  the  vo r t ex  valve, thereby producing a c h a r a c t e r i s t i c  curve 
as shown i n  Figure 65. 

Cold gas test r e s u l t s  were similar t o  t h e  r e s u l t s  a t t a i n e d  i n  pre- 
v ious  t e s t i n g  and ind ica t ed  t h a t  t h e  system and components would opera te  
as intended i n  t h e  h o t  gas test. 

The c a l i b r a t i o n  curve is a 

The r e s u l t s  show t h a t  t h e  valve o u t l e t  flow w a s  p ropor t iona l  t o  

The gas t h a t  e n t e r s  t h e  load o r i f i c e  

The gas a t  

This condi t ion  changes wi th  t h e  amount of 

Hot G a s  T e s t  Resul t s  

The 5500'F vo r t ex  valve con t ro l l ed  SITVC system schematic and duty 
cyc le  u t i l i z e d  i n  t h e  h o t  gas  test are shown i n  Figures  66 and 6 7 ,  re- 
spec t ive ly .  A photograph of  t h e  se tup  on the  test bench be fo re  f i r i n g  
is shown i n  Figure 68. Note t h a t  t h i s  i s  a heavyweight test se tup  and 
t h a t  t h e  l a r g e  manifolds would n o t  be  requi red  f o r  a d i r e c t  engine chamber 
b leed  system as shown i n  F igure  1. Two p i c t u r e s  of  Hot Gas T e s t  No. 6 
i n  opera t ion  are shown i n  Figures  69 and 70. 
s t a g e  vo r t ex  valves, which contained t h e  flow of  h o t  gas ,  w e r e  mounted 
90 degrees a p a r t  with one valve exhausting v e r t i c a l l y  downward and t h e  
o t h e r  exhaust ing ho r i zon ta l ly .  
plume from t h e  two vor t ex  valves depended on t h e  relative flow modulation 
of t h e  valves. 

The o u t l e t s  of t h e  two main 

The d i r e c t i o n  of t h e  combined exhaust 
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Figure 64 - Main Stage Vortex Valve No. 1 
Turndown Performance on Cold Gas 
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SYSTEM 

Figure 66 - T e s t  S c h e m a t i c  f o r  H o t  G a s  T e s t  of 5500°F 
S I T V C  S y s t e m  ( H o t  G a s  T e s t  No. 6 )  
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Figure 68 - T e s t  Setup f o r  Hot G a s  
T e s t  No. 6 

A por t ion  of t h e  d a t a  recorded 
during t h e  bt gas test is  shown 
i n  Figures 7 1  and 7 2 .  The d a t a  
recorded i n  these f igu res  cover 
t h e  f i r s t  t e n  seconds of system 
opera t ion ,  during which t h e  system 
s i n e  wave input  s i g n a l  var ied  from 
5 t o  30 cps. The remainder of t he  
51 seconds of  test  da t a  contained 
t h e  type of information as shown 
a t  t i m e  9 seconds, with a l l  of t h e  
pressures  showing modulation except 
t he  main s t a g e  flow measurement 
pressures .  These flow measurement 
pressures  ceased t o  record pressure  
modulation because of plugging of 
t h e  p re s su re  po r t s  with aluminum 
oxide from t h e  5500'F s o l i d  pro- 
pe l l an t .  The weeping o r i f i c e s  

should not  have plugged during operat ion because any plugging would 
increase  t h e  pressure  upstream of t h e  plug, which i n  t h i s  case could be 
as high as 2000 ps i .  It is  bel ieved t h a t  t h i s  pressure  would blow ou t  
t he  plugging material even i f  t he  material w a s  very viscous as t h e  alumi- 
num oxide is thought t o  be under these  test  condi t ions.  However, i f  
char r ing  of t h e  i n s u l a t i o n  material began t o  provide l eak  pa ths ,  t h e  
pressure  rise upstream of t h e  weeping o r i f i c e  caused by plugging could 
be severe ly  l imi ted .  
a v a i l a b l e  t o  clear t h e  weeping o r i f i c e .  Because of thermal soakback and 
subsequent char r ing  of t h e  i n s u l a t i o n ,  i t  w a s  impossible t o  a s c e r t a i n  t h e  
condi t ion of  t h e  weeping o r i f i c e  during t h e  ho t  f i r i n g  when t h e  d a t a  
began t o  fade  out.  

is shown i n  Figure 7 3 .  The d a t a  i n d i c a t e  t h a t  t h e  2000'F SPGG operated 
a t  an average pressure  of 2210 p s i a ,  which i s  lower than t h e  2600 p s i a  
expected. 
vent  o r i f i c e .  

s t age  system f o r  57 cycles  over an  eight-second period u n t i l  t h e  flow 
measurement system ceased t o  funct ion.  The tes t  movies i n d i c a t e  t h a t  
t h e  complete system w a s  s t i l l  funct ioning and modulating h o t  gas flow 
a t  1 2  seconds. A f t e r  t h i s  t i m e ,  smoke obscured t h e  view of the  test  

, operat ion.  
* as intended f o r  3 3  seconds, a t  which t i m e  t h e  2000'F SPGG burned out ,  

The end r e s u l t  could be i n s u f f i c i e n t  pressure  

The b a l l i s t i c s  performance of t h e  two s o l i d  propel lan t  gas generators  

This pressure  loss w a s  p a r t l y  due t o  a l eak  a t  t h e  p i l o t  s t a g e  

The test  d a t a  recorded t h e  modulation of ho t  gas flow by t h e  main 

The recorded test  da t a  showed t h a t  t h e  p i l o t  s t a g e  functioned 

The test d a t a  ind ica t ed  t h a t  t h e  main s t a g e  vor tex  valves  produced 
a maximum turndown of 3.46 t o  1 a t  a control-to-supply pressure  r a t i o  of 
approximately 1.7.  Two t y p i c a l  ho t  gas turndown curves o b t a k e d  from t h e  
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Figure 69 - Hot Gas T e s t  No. 6 During Operation (Vortex Valve No.  2 
Predominant) 

Figure 70 - Hot G a s  T e s t  No. 6 (During Operation (Vortex Valve No. 1 
Predominant ) 
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test f o r  each vo r t ex  valve are shown i n  Figures  74 and 75. 
ences between t h e  turndown curves f o r  each valve w e r e  due t o  t h e  response 
d i f f e rences  between t h e  techniques used f o r  flow measurement. 
sets of  performance curves i n d i c a t e  t h a t  t h e  valves w e r e  no t  f u l l y  turned 
down and would have requi red  a control-to-supply p re s su re  r a t i o  of  
approximately 1.75 f o r  f u l l  turndown. 

a main s t a g e  system flow balance t h a t  u t i l i z e d  t h e  fol lowing recorded 
d a t a  f o r  t es t  t i m e  3.15 seconds: 

The d i f f e r -  

These two 

The v a l i d i t y  of t h e  h o t  gas flow measurements w a s  determined from 

= 505 p s i a  (5500OF SPGG pressure)  p lo  
P6 = 530 p s i a  (Vortex Valve No.  1 c o n t r o l  pressure)  

P8 = 825 p s i a  (Vortex Valve No. 2 c o n t r o l  pressure)  

P12 = 188 p s i a  (Vortex Valve No. 1 weeping o r i f i c e  pressure)  

P i 3  = 155 p s i a  (Vortex Valve No. 1 o u t l e t  p ressure)  

P i4  = 132 p s i a  (Vortex Valve No. 2 weeping o r i f i c e  pressure)  

'15 = 110 p s i a  (Vortex Valve No.  2 o u t l e t  p ressure)  

The flow balance w a s  made by comparing the  t o t a l  weight flow of gas  i n t o  
the  two main s t a g e  vo r t ex  valves wi th  t h e  t o t a l  weight flow of gas out  
of t h e  valves as determined from t h e  flow measurement techniques.  

The t o t a l  weight flow i n t o  t h e  two main s t a g e  vor tex  valves was  

- 
'in( t o  t a l )  - '(5500 SPGG) + ' (control flow NO. 1 valve)  

+ ' (control flow NO. 2 valve)  

C C A P  C C A  P n d 2 7 6 d 2 13 

?-%- gf(%) '8 

= APcplO + 'in ( t o  t a l )  K 

fl( E )  0.3 + 0.828(0.412>0.04(530> = 48(0.0637)0,0428(505) 
$EE 

0.776(0.412)0.04(825) + Y%O 
'in( t o  t a l )  = 1.1207 l b / s e c  
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Figure 73 - 5500°F SPGG and 2000'F SPGG Ballistics 
Performance (Hot G a s  T e s t  No. 6) 
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The t o t a l  weight flow out  of  t h e  two vor t ex  valves based on weeping 
o r i f i c e  flow da ta  as taken from Figure 65 was:  

. 
(W.O.) - (No. 1) + Wout (No. 2) Wout - Wout 

0.84 ( a t  P i2  = 188 p s i a )  + 0.32 ( a t  P14 = 132 p i a )  

Wout (w.o.) = 1.16 l b / s e c  

The t o t a l  weight flow out of t h e  two vor t ex  valves 
conventional flow measurement o r i f i c e  flow d a t a  as taken 
w a s  : 

Wout (C.O.) - - Wout (NO. 1) + W o u t  (NO. 2)  

= 0.64 ( a t  P13 = 155 p s i a )  + 0.465 ( a t  P15 

based on t h e  
from Figure 65 

= 110 p s i a )  

Wout (c.o.) = 1.105 l b / s e c  

The r e s u l t s  i n d i c a t e  t h a t  t h e  flow measurement accuracy is  wi th in  5%. 

The Hot G a s  T e s t  No. 6 i n s t a l l a t i o n  i s  shown a f t e r  t h e  test i n  
Figure 76. All of t h e  t es t  components, with t h e  exception of t h e  flow 
measurement system and a vent  o r i f i c e  gasket ,  performed t h e i r  intended 
func t ions  over t h e  50-second test du ra t ion  without  any s t r u c t u r a l  f a i l u r e s .  
Components of a main s t a g e  vor tex  va lve  a f t e r  tes t  are shown i n  Figure 77. 

T e s t  Conclusions 

following conclusions have been drawn from Hot Gas T e s t  No. 6: 

The main s t a g e  vo r t ex  valves modulated t h e  flow of 5500'F gas 
f o r  57 cyc les  over a t i m e  span of 18  seconds a t  rates of 5 ,  
10 and 15 cps. 

T e s t  movies ind ica t ed  t h a t  t h e  system was s t i l l  modulating 
flow a f t e r  1 2  seconds of operat ion.  

The main s t a g e  vo r t ex  valves were capable  of  a maximum of 
3.46-to-1 flow modulation of 5500'F ho t  gas. 

The main s t a g e  system handled the  flow of h ighly  aluminized 
5500'F s o l i d  p rope l l an t  gas f o r  51  seconds with no component 
degradation. 
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Figure 76 - 5500'F SITVG System Hot G a s  Test No. 6 I n s t a l l a t i o n  
(Post T e s t )  

Figure 77 - I n t e r i o r  Components of Main Stage Vortex Valves (Pos t  Test)  
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( 5 )  

(6) 

The pilot stage functioned as intended for 33 seconds until 
the 2000'F SPGG burned out, 
The flow measurement techniques were accurate within 5%; how- 
ever, the flow data measurements were not realized for the 
complete test. 



CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

This program nas demonstrated t h a t  t h e  v o r t e x  valve, a no-moving- 
p a r t  f l u i d i c  device,  has repea ted ly  and success fu l ly  modulated t h e  flow 
of a h igh ly  aluminized and e r o s i v e  h o t  gas as requi red  by a secondary 
i n j e c t i o n  t h r u s t  vec to r  c o n t r o l  system. A s  a r e s u l t  of t h e  development 
e f f o r t  descr ibed i n  t h i s  r e p o r t ,  t h e  fol lowing conclusions are drawn: 

t h e  flow of  h ighly  aluminized (16%) 5500'F s o l i d  p rope l l an t  gas over  a 
modulation range from approximately 1 l b / s e c  t o  complete shutof f  of t h e  
ho t  gas suppl ied  t o  t h e  valve.  

of c o n t r o l l i n g  t h e  flow of e r o s i v e  h o t  gas f o r  more than 50 seconds. 

(1) The vor t ex  valve has  demonstrated t h e  c a p a b i l i t y  of t h r o t t l i n g  

(2) 

(3)  

The vor t ex  va lve  design developed i n  t h i s  program w a s  capable 

The 2000'F p i l o t  s t a g e  qas used t o  c o n t r o l  t h e  vo r t ex  va lve  
w a s  a t  too low a temperature t o  demonstrate t h e  5-to-1 turndown r a t i o  
c a p a b i l i t y  of t h e  vo r t ex  valve.  
2000'F con t ro l  gas is 3.56 t o  1, and a 3.46-to-1 turndown r a t i o  w a s  
demonstrated. 

The t h e o r e t i c a l  turndown r a t i o  with 

( 4 )  The vor t ex  va lve  is a s u i t a b l e  va lv ing  element f o r  t h r o t t l i n g  
t h e  flow of a t y p i c a l  high-performance rocke t  engine gas f o r  app l i ca t ions  
r equ i r ing  d i r e c t  chamber bleed gas con t ro l .  

Recommendat i ons  

As t he  r e s u l t  of success fu l ly  demonstrating the  h o t  gas t h r o t t l i n g  
c a p a b i l i t y  of t h e  vo r t ex  va lve ,  and based on experience gained during 
t h e  accomplishment of Phase I of t h e  program, t h e  following recommenda- 
t i o n s  are made. 

(1) A vor t ex  va lve  con t ro l l ed  SITVC system should be demonstrated 
on a rocket  motor using d i r e c t  chamber bleed gas from t h e  rocke t  engine 
as t h e  i n j e c t a n t .  The r ecen t  design t rend  of bur ied  nozz le  rocke t  motors 
provides a p r a c t i c a l  conf igura t ion  f o r  such a demonstration. The high- 
p re s su re  d i f f e r e n t i a l  a v a i l a b l e  between t h e  t h r u s t  chamber and the  diver-  
gent  nozzle  s e c t i o n  r equ i r e s  t h a t  a vo r t ex  valve be loca ted  i n  t h e  t h r u s t  
chamber wi th  t h e  o u t l e t  ho le  becoming t h e  i n j e c t i o n  p o r t .  Four such 
valves can provide complete p i t c h  and yaw t h r u s t  vec to r  c o n t r o l  on a 
s m a l l  rocket  motor. Larger rocket  motors can use mul t ip l e  valves i n  
quadrant. 

(2) 
f o r  t h e  I zd iv idua l  con t ro l  of  t h e  main s t a g e  vo r t ex  valves r a t h e r  than 
t h e  push-pull type of  opera t ion  of a p a i r  o f  valves. A simple o r i f i c e  
and flapper-nozzle valve type of p i l o t  s t a g e  would be more compatible 
wi th  SITVC system i n s t a l l a t i o n  and performance requirements f o r  s m a l l  
rocke t  motors. 

It i s  recommended t h a t  a new p i l o t  s t a g e  be designed t o  a l low 
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(3) The flow modulation performance of t h e  main s t a g e  vo r t ex  valves 
can be  improved i f  t h e  p i l o t  s t a g e  is suppl ied  from a 4000'F gas generator .  
With the  main s t a g e  valves r ece iv ing  4000'F c o n t r o l  gas ,  r a t h e r  than 
2000'F c o n t r o l  gas ,  t h e  turndown performance should improve from 3.56:l 
t o  approximately 4.50:l. 

type. 
ment program t o  permit t h e  design of f l igh tweight  hardware. 
wi th  such design should be a weight t radeoff  s tudy t o  e s t a b l i s h  t h e  com- 
p e t i t i v e  p o s i t i o n  of t h e  vo r t ex  valve con t ro l l ed  secondary i n j e c t i o n  
con t ro l  system i n  comparison wi th  o t h e r  types of t h r u s t  vec to r  cont ro l .  
It is  recommended t h a t  a l l  f u t u r e  e f f o r t s  be accomplished with f l i g h t -  
worthy hardware. 

(5) It is  recommended t h a t  a d d i t i o n a l  e f f o r t  be made toward t h e  
development of a technique f o r  measuring t h e  flow of  aluminized 5500°F 
s o l i d  p rope l l an t  gases. 
which surv ive  f o r  reasonable  per iods of t i m e  i n  t h i s  environment, i t  
appears t h a t  t h e  design and development of a r e l i a b l e  h o t  gas flow measure- 
ment device i s  poss ib le .  

(4) The system t e s t e d  t o  d a t e  has been a heavyweight workhorse 
Enough experience wi th  materials has  been acquired i n  t h i s  develop- 

Concurrent 

Since materials have been used i n  t h i s  program 
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APPENDIX A 

SYSTEM PERFORMANCE ANALYSIS 

A desc r ip t ion  and ana lys i s  of each of t he  t h r e e  bas i c  systems t e s t e d  
is provided i n  the  following sec t ions .  
hot  gas materials evaluat ion.  
of a s i n g l e  hot  gas vor tex  valve.  
t h i s  type of system. 
system incorporat ing two hot gas vor tex  valves  i n  a push-pull arrangement 
cont ro l led  by two p i l o t  s t a g e  vortex amQli f ie r  valves.  
tests were performed with t h i s  type of system. 

vortex valve system w e r e  based on preliminary 5500'F SITVC system calcu- 
l a t i o n s ,  t h e  r e s u l t s  of which a r e  shown i n  Figure 78. 
were made u t i l i z i n g  a t h e o r e t i c a l  main s t age  vor tex  va lve  performance 
(Figure 79) and t h e  gas p rope r t i e s  supplied by t h e  manufacturer of t h e  
5500'F s o l i d  propel lan t  gas  generator.  Af te r  Hot Gas T e s t  No. 3,  another 
ana lys i s  of t h e  5500'F SITVC system was accomplished f o r  the  following 
reasons: (1) the dec is ion  w a s  made t o  e l imina te  t h e  5500'F SPGG load 
o r i f i c e  and u t i l i z e  a plenum chamber type  of supply t o  the  main s t a g e  
vortex valves;  (2)  t h e  f i r s t  t h ree  hot gas tests indica ted  t h a t  some of 
t he  5500'F s o l i d  propel lan t  gas p rope r t i e s  d i f f e r e d  from those assumed 
i n  the  o r i g i n a l  ana lys i s ;  (3) a more r ep resen ta t ive  t h e o r e t i c a l  vortex 
valve performance d e f i n i t i o n  was obtained from a recent ly  developed 
Bendix d i g i t a l  computer s imulat ion of vor tex  valves .  

v e r i f i e d  by experiment, t h a t  descr ibes  the  nonl inear  flow c h a r a c t e r i s t i c s  
of a vortex valve over a wide range of operat ing condi t ions.  

The r e s u l t s  of t h e  computer study which u t i l i z e d  previous n i t rogen  
cold gas tes t  da t a  as a model a r e  shown i n  Figure 80. The computer study 
revealed t h a t  vortex valve flow modulation performance is  influenced by 
t h e  thermodynamic p rope r t i e s  of t h e  valve con t ro l  and supply gases. The 
r e s u l t i n g  t h e o r e t i c a l  hot gas performance of t h e  main stage vor tex  valve 
u t i l i z i n g  2000'F con t ro l  gas w a s  a flow modulation of 3.56 t o  1 a t  a 
cont ro l  pressure-to-supply r a t i o  of 1 .4  t o  1. 

would improve t o  a flow modulation of 4.55 t o  1 with 4000'F con t ro l  gas 
and t o  5.00 t o  1 with 6000'F con t ro l  gas. 

The s i z i n g  of t h e  main s t age  vor tex  valves  i n  t h e  following system 
analyses were conducted u t i l i z i n g  the  t h e o r e t i c a l  vor tex  valve performance 
and var ious Bendix-developed parameters t h a t  i n t e r r e l a t e  t h e  i n t e r n a l  
proport ions of a vor tex  valve.  

The f i r s t  system w a s  used f o r  a 
The second system t e s t e d  t h e  performance 

Two hot  gas tests were performed wi th  
The t h i r d  system simulated a s ingle-axis  SITVC 

. 
Three hot  gas 

The analyses  made f o r  t h e  materials evaluat ion system and t h e  s i n g l e  

These ca l cu la t ions  

The vor tex  va lve  computer s imulat ion was based on an a n a l y t i c a l  curve, 

1 

The computer study a l s o  ind ica ted  t h a t  t h e  vor tex  valve performance 

I 
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Figure 78 - 5500'F SITVC System (Preliminary) 
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Figure 79 - Main Stage Vortex Valve Performance 
Characteristics (Theoretical) 
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W 

Figure 80 - Computer Study of  Vortex Valve Performance 
Showing Ef fec t  of G a s  Temperature 

Performance Analysis  f o r  Mater iabEvalua t ion  T e s t  

The Hot Gas T e s t  No.  1 w a s  conducted t o  eva lua te  t h e  materials 
s e l e c t i o n  and s t r u c t u r a l  design of t h e  main s t a g e  vo r t ex  va lve  and 
a s soc ia t ed  manifolding. 

t h e  main s t a g e  vor tex  va lve ,  and t h e  vor tex  va lve  contained no c o n t r o l  
gas i n j e c t i o n  p o r t s .  
system. 
f o r  t h e  SPGG. 

vor tex  va lve  o u t l e t  ho le  (A2) should be  0.197 i n 2  and t h a t  t h e  55@0°F 
SPGG would ope ra t e  a t  a p res su re  (P ) of 1450 ps i a .  A t  t h i s  p re s su re  
the  flow rate produced by t h e  550O0f SPGG w a s  determined t o  be 

The system i s  shown schematical ly  i n  Figure 81. 

I n  t h i s  test no e f f o r t  w a s  made t o  modulate t h e  flow of hot gas with 

The vo r t ex  valve w a s  e s s e n t i a l l y  an o r i f i c e  i n  t h e  
The vent  o r i f i c e  w a s  necessary t o  provide t h e  c o r r e c t  impedance 

Pre l iminary  c a l c u l a t i o n s  of t h e  system ind ica t ed  t h a t  t h e  main s t a g e  

0.30 W = 48(0.0637) 0.0428(1450) 
g 

W = 1.10 l b / s e c  
g 
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VENT ORIFICE MAIN STAGE 
W VORTEX VALVE 

Wg = 0.55 Ib/W 

Figure 81 - Materials Evaluation System Schematic 
(Hot G a s  T e s t  No. 1 )  

The s i z e  of t h e  5500'F SPGG load  o r i f i c e  and the  supply pressure  
(P,) t o  t h e  main s t a g e  vor tex  va lve  and system vent  o r i f i c e  were cal- 
cu la t ed  by assuming t h a t  o r i f i c e s  AI, A2, and A4 w e r e  sonic .  

Performance Analysis f o r  S ing le  Vortex Valve T e s t  

The s i n g l e  vo r t ex  va lve  system t h a t  w a s  used f o r  Hot G a s  T e s t  No. 2 
and No. 3 is shown schematical ly  i n  Figure 82. 
w e r e  conducted t o  o b t a i n  hot  gas  vo r t ex  va lve  performance and t o  eva lua te  
t h e  system s t r u c t u r a l  i n t e g r i t y  before  t e s t i n g  a f u l l  system inc luding  
two main s t a g e  vo r t ex  valves .  

2000'F SPGG. 
w a s  modulated by a vented manual con t ro l  valve.  

determined by u t i l i z i n g  a 2000'F SPGG opera t ing  pressure  (P4) of 2265 
p s i a ,  t h e  t h e o r e t i c a l  vo r t ex  va lve  performance from Figure 79, and the  
main s t a g e  vo r t ex  va lve  o u t l e t  and con t ro l  ho le  s i z e s  of 0.197 i n 2  and 
0.0362 in2  as obtained from prel iminary 5500'F SITVC c a l c u l a t i o n s  based 
on flows and pressures  i n  Figure 78. 

These two hot  gas tests 

The c o n t r o l  gas t o  t h e  main s t a g e  vo r t ex  va lve  is suppl ied by a 
The flow of con t ro l  gas t o  t h e  main s t a g e  vor tex  va lve  

The s i n g l e  vor tex  va lve  system performance and component s i z e s  were 
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5 0.972-0.740 Ib 

0.368-0.287 I b h  
I 
I 
4 

INPUT SIGNAL 
(PNEUMATIC PRESSURE) 

Pa408 

Figure 82 - Single  Vortex Valve System Schematic 
(Hot G a s  T e s t s  No. 2 and 3) 

The maximum main s t a g e  vo r t ex  valve c o n t r o l  p re s su re  (Pg), w i t h  
o r i f i c e  A6 (Figure 82) son ic  a t  a l l  times, w a s  found t o  b e  

'6 (max) = ' 4  [t) crit-2000°F 

= 2265 (0 .547)  

= 1235 p s i a  '6 (rnax) 
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By u t i l i z i n g  a control-to-supply pressure  r a t i o  (Pc/Ps = P6/P1) of 
1.28 t o  ob ta in  f u l l  main. s t a g e  vo r t ex  va lve  turndown (Figure 79) ,  t h e  
maximum opera t ing  p res su re  
55OO'F SPGG w a s  found t o  be 

and flow rate (Wl(max)) of t h e  

- '6 (max) - 
'l(max) 1.28 

- 1235 
1.28 

-- 

1 (max) = 965 p s i a  

and 

n = A  p c p  'I(rnax) g 

= 48 (0.0637) 0 e 0428 (965) O o 3  

= 0.972 l b / s e c  '1 (max) 

. 
The maximum flow through t h e  5500'F SPGG vent  o r i f i c e  (W2(max)) and 

the  s i z e  of t he  vent  o r i f i c e  w e r e  determined f o r  system condi t ions  when 
fihe main s t a g e  vo r t ex  va lve  is f u l l y  turned down. 
W2(max) = 0.972 lb / sec ,  P i  i s  maximum, and A1 is ca l cu la t ed  t o  be 
0.199 in2. 

The minimum flow through t h e  main s t a g e  v o r t q c  va lve  (W3(min)) is 
equal  t o  t h e  maximum c o n t r o l  flow i n t o  t h e  va lve  (w6(max)) during f u l l  
turndown, which w a s  ca l cu la t ed  t o  be 0.287 Ib /sec .  

With the  main s t a g e  vor tex  va lve  opera t ing  i n  the  f u l l  open mode, 
t h e  c o n t r o l  p re s su re  (P6(mfn)) w a s  assumed t o  equal  the  supply p re s su re  
Pl(min). 
s t a g e  valve.  
vor tex  valve flow of hot  gas  were determined as follows. 

I n  t h i s  condi t ion ,  

This  condi t ion  r e s u l t s  in zero c o n t r o l  flow i n t o  t h e  main 
The 5500'F SPGG, t he  SPGG vent  o r i f i c e ,  and the  main s t a g e  

The 5500'F hot  gas flow balance is 

w1 = w2 + w3 
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wri t ing  t h e  simultaneous equations and solving f o r  t h e  SPGG pressure,  

'l(min) i s  found t o  be 

' 6  (min) = 390 p s i a  = '1 (min) 

Therefore, 

n 
1 (min) 'l(min) = A  g p c P  

= 48(0.0637) 0 .0428(390)0 '3  

= 0.740 l b / s e c  '1 (min) 

with sonic  flow through the  vortex valve o u t l e t ,  1 (min) Using P 

= 0.368 l b / s e c  ' 3  (max) 

By subt rac t ion ,  

= 0.372 l b / sec  ' 2  (min) 

The flow modulation of t he  main s t age  vortex valve i n  t h i s  system 
w a s  found t o  be 

W?(max) --x - 0 * 3 6 8  1.267 to 1 0.287 

This value of main s t a g e  vor tex  va lve  flow modulation i s  low because 
SPGG operat ing pressure (Pi) v a r i e s  with the  valve modulation. 
measure of valve performance is t o  compare maximum and minimum vortex 
valve flows f o r  t h e  same supply pressure.  

A b e t t e r  
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The va lve  turndown a t  constant  pressure  would be 

3(proj.max) - 0.91 3,17 W 
- -x  

0.287 '3 ( m i n )  

Performance Analysis,for.SITVC System T e s t s  No. 4 through No.  6 

The 5500'F SITVC system used i n  Hot G a s  T e s t s  No. 4 and No.  5 i s  
An a n a l y s i s  of t h e  system w a s  made shown schematical ly  i n  Figure 83. 

t o  determine component s i z e s  and t o  p red ic t  system performance. The 
r e s u l t s  of the a n a l y s i s  are depicted i n  t h e  pressure  and flow maps 
(Figures  83 and 84) f o r  p i l o t  s t a g e  f l appe r  pos i t i ons  of f u l l  s t r o k e  
and n u l l .  

and t h e  main s t age  vor tex  valves. The p i l o t  s t a g e  vor tex  valve theoret-  
i ca l  performance (Figure 85) w a s  obtained by p ro jec t ing  t h e  known per- 
formance of a similar Bendix vor tex  ampl i f i e r  va lve  t o  f i t  t h e  opera t ing  
condi t ions of t h i s  system. 
s t a g e  vo r t ex  va lve  (Figure 86) w a s  obtained from a Bendix d i g i t a l  computer 
s imulat ion of a vor tex  va lve  which u t i l i z e d  previous main s t a g e  cold gas 
da t a  as a model. 

Pc/Ps r a t i o  of 1.05 t o  1.5. 
g r e a t e r  than u n i t y  t o  prevent t he  backflow of t h e  aluminized 5500'F 
supply gas i n t o  t h e  main s t a g e  vor tex  va lve  con t ro l  i n j e c t o r s .  The wide 
opera t ing  range of Pc/Ps from 1.05 t o  1 .5  w a s  u t i l i z e d  t o  encompass pos- 
s i b l e  test performance v a r i a t i o n s  from t h e  t h e o r e t i c a l  va lve  performance. 

operat ing pressures ,  a relief va lve  w a s  assumed t o  be i n  t h e  p i l o t  s t age  
as shown i n  Figures  83 and 84. 

s t a g e  va lve  on t h e  r i g h t  s i d e  of t h e  c i r c u i t  w i l l  be operat ing i n  a f u l l -  
open mode; i .e. ,  P ~ o / P ~ ~  = 1.05. 
s i d e  of t h e  c i r c u i t  w i l l  be  i n  f u l l  turndown mqde with,P19/P22 = 1.5. 
The two main s t a g e  vor tex  valve supply flows, W20 and W 1 1 ,  can be 
expressed as follows: 

The a n a l y s i s  w a s  based on t h e o r e t i c a l  performances of t he  p i l o t  s t age  

The t h e o r e t i c a l  performance of t h e  main 

The se l ec t ed  operat ing range of t h e  main s t a g e  valve w a s  from a 
The lower l i m i t  (Pc/Ps = 1.05) w a s  made 

To minimize t h e  p o s s i b i l i t y  of a wide v a r i a t i o n  i n  t h e  2000'F SPGG 

With t h e  p i l o t  s t a g e  f l appe r  a t  f u l l  s t r o k e  t o  the r i g h t ,  t h e  main 

The main s t a g e  valve on t h e  oppos i te  

w20 = 0 

n ill = h22 = A g p c P22 = 48(0.0637)0.0428(P22)0*3 

0.3 
Wll = 0.131(P22) 
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. Since Plo/Pp2 = 1.05 t h e  main s t a g e  vor tex  valve con t ro l  flow, 
WlO is, 

. ‘d7 c2pmax) A7 ’10 f{:;l?) - 0.8(0.412)A7(l.05P22) - - - 
wlo - c VEiE 

. 
Wlo = 0.00311 A7 P22 (A-2) 

For t h e  Igft-hand main stage vor tex  va lve  with P19/P22 = 1.50, t h e  
con t ro l  flow, Wlg9 is 

. 
= 0.00951 A7 P22 w19 (A-3) 

From Figure 86, t h e  r e l a t i o n s h i p  between il9 and t h e  maximum supply 
flow of the  va lve  ($s(max) = $11) is  

(A-4) 

Assuming sonic  flow through t h e  rigbt-hand main s t age  vor tex  va lve  
o u t l e t  hole ,  Ag, t h e  t o t a l  o u t l e t  flow, W12, is 

‘d8 c2(pJsc) ’22 - 0.84(0. 556)A8 PZ2 - - 
w12 - G 3Jziiz 

W12 = 0.00594 As P22 
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Figure 85 - Theoretical Performance of Pilot Stage 
Vortex Amplifier Valve 

1.0. 

0.8 

0.6 

w 
0.4 

0.2 

0 
0 
d 
4 

E'igure 86 - Computer Simulation of 5500'F SITVC SystemMain 
Stage Vortex Valve Performance 
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But W12 can a l s o  be expressed as 

w12 = wll * wlo (A-6) 

Combining equat ions (A-1) through (A-6), P22 w a s  determined t o  be 

(A- 7 ) 
96 

(A8) 43 p22 = 

Prel iminary computations revealed t h a t  t h e  5500'F SPGG should be 
operated a t  750 p s i a ,  i n  order  t o  l i m i t  t h e  2000'F SPGG t o  2600 p s i a  
opera t ing  p res su re  whi le  maintaining t h e  des i r ed  p res su re  d i s t r i b u t i o n  
through t h e  system. U t i l i z i n g  P22 = 750 p s f a  and equat ions (A-1) through 
(A-7), t h e  main s t a g e  vo r t ex  va lve  component s i z e s ,  opera t ing  p res su res  
and flow rates were determined t o  be: 

1 1 

2 
= 0.237 i n  (A-7) 

ill = 0.131(P22)0'3 = 0.131(750)0'3 = 0.956 l b / s e c  (A-1) 

w19 = 0.3(Wll) = 0.3(0.956) = 0.2868 l b / s e c  (A-4) 

2 
= 0.04 i n  0.2868 - - 19 W - - 

A7 0.00951(P22) 0.00951(750) (A-3) 

= 0.00311 P22 A7 = 0.00311(750)0.04 = 0.0933 l b / s e c  (A-2) wlo  

= 1.5(P22) = 1.5(750) = 1125 p s i a  p19 
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Pl0 = 1.O5(Pz2) = 1.05(750) = 787 p s i a  

= 0.956 + 0.093 = 1.049 l b / s e c  (A-6) w12 = wll + wlo 

The computations f o r  t h e  p i l o t  s t a g e  por t ion  of t h e  5500'F SITVC 
system were made by u t i l i z i n g  main s t a g e  vor tex  va lve  con t ro l  flow and 
pressure  requirements determined above, a minimum Pc/Ps r a t i o  of 1.05, 
and a maximum Pc/Ps r a t i o  of 1.4 as obtained from Figure 85, and by 
assuming P8 = 1.35 E l 9  Pg = 2600 ps ia .  

The p i l o t  s t a g e  vortex.valve o u t l e t  ho le  s i z e  is found from 

- 0.287 v G  
- 0.84 (0.412) 1.35 (1125) 0.904 

- 
A12 - 

2 A12 = A6 = 0.0303 i n  

. .  
From Figure 85 a t  Pc/P, = 1.05, Wc/Wo(max) = 0.09; t he re fo re  

W18 = 0.91(Wlg) = O.gl(0.287) = 0.261 l b / s e c  

Also, from Figure 85 a t  P /P = 1.4,  W - c s  C - 'o(max) 

Therefore 

= 0.2(Wlg) = O.Z(O.287) = 0.0574 l b / s e c  '6 (max) 
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The r e l a t ionsh ip  f o r  maximum vortex valve con t ro l  flow, '6(max) ' can also 
be w r i t t e n  as 

From t h i s  expression t h e  p i l o t  s t age  vortex valve i n j e c t o r  area, A4 ,  was 
determined, using P8 = 1515 p s i a  and = 1.4 P8: 

- '6 (max) - - 0.0574 1/2510 
0.8 (0.412) 1.4 (1515) (0.93) A4 - 

2 
= 0.0044 i n  A4 = 

The minimum p i l o t  s t age  vortex va lve  con t ro l  flow w a s  found t o  be 

- 'dl l  C2(Omax) P 0.8 (0.412) 1590 (0.0044) 

fEi=ij= .fT '17 - 

= 0.0206 l b / s e c  '17 

The maximum operat ing l e v e l  of cont ro l  pressure and flow f o r  t he  
p i l o t  s t age  vortex valve was determined as follows. 

Since 

'10 (max) = w19 

then 

'10 - - 0*0933 = 0.325 
0.287 

'10 (max) 
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From Figure 85  a t  Wo/Wo(max) = 0.325, t h e  r a t i o  of P, t o  Ps is equal 
t o  1.35. 

Theref o re  

P4 = 1.35 P8 = 1.35(1515) = 2050 p s i a  

and 

0.8(0.412)2050(0.0044) (o,904) cd4 C2 (Omax) P4 A4 - 
n '6 - 

W6 = 0.0539 lb / sec  

*Also 

Wg - - Wlo - W6 = 0.0933 - 0.0539 

W9 = 0.0394 lb / sec  

From Figure 83, nozzle-area A5 is zerg; t h e  r e s u l t i n g  nozzle flow 
is a l s o  zero,  and t h e  flow W4 is  equal t o  Wg. 
t h e  s i z e  of o r i f i c e s  A3 and A10 were found, as follows: 

From t h i s  consideration, 

. w4 = W6 - - 

o r  

2 Aj - - A10 = 0.0033 i n  
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U t i l i z i n g  t h e  area f o r  A 1 0 ,  t h e  flow rate '15 w a s  found t o  be  

- 'dl0 '2(OmaX) pg A 1 O  fl(q = 0.9(0.412)2600(0.0033) (o. 99) 
'15 - . 

= 0.063 l b / s e c  '15 

where 

= 1.05(1515) = 1590 p s i a  '15 

From t h e  above r e s u l t s ,  t h e  flow through flow area A169 t h e  s i z e  of 
t h e  nozzle ,  D16, and f l a p p e r  s t r o k e ,  L ,  w e r e  determined as fol lows:  

'.' 
= 0.063 - 0.0206 = 0.0424 lb / sec  '16 '15 - '17 

2 
= 0.0037 i n  '16 dT - 0.0424 "'t/z 

0.9 (0.412) 1590 
- = 

'd16 C 7 ( h x )  P i 5  

The nozzle  flow area, AI6, i s  t h e  c y l i n d r i c a l  o r i f i c e  area between 
t h e  f l appe r  and t h e  nozz le  a t  f u l l  s t roke .  Thus, 

A16 = 2nD16L 

or 

L = -  A16 

2aD16 

where 

L = f l a p p e r  s t r o k e  from n u l l  t o  f u l l  s t r o k e  

Because t h e  nozzles  w e r e  e x i s t i n g  hardware, a D16 of 0.103 inch 
w a s  s e l ec t ed .  
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Then 

0*0037 = 0.0057 in .  
2n(0.103) L =  

The remaining component s i z e s  and flow rates were ca lcu la ted  w i t h  
The component s i z e s  and the t h e  p i l o t  s t a g e  f l appe r  i n  n u l l  pos i t i on .  

system performance f o r  n u l l  pos i t i on  of t h e  p i l o t  s t a g e  f l appe r  were 
determined by u t i l i z i n g  t h e  schematic shown i n  Figure 84 and t h e  follow- 
ing  assumptions. 

a t  2600 ps ia .  
compensate f o r  any increased supply flow requirement of t h e  two p i l o t  
s t age  vor tex  valves ,  while  allowing P8 t o  drop 50 p s i  from 1515 p s i a  
a t  f l appe r  fu l l - s t roke  p o s i t i o n  t o  1465 p s i a  a t  f l appe r  n u l l  pos i t ion .  

With t h e  p i l o t  s t a g e  f l appe r  a t  n u l l  pos i t i on ,  the areas A5 and 
A16 were found t o  be: 

The f i r s t  assumption w a s  t h a t  t h e  2000'F SPGG would remain opera t ing  
Secondly, it w a s  assumed t h a t  the r e l i e f  va lve  would 

2 A5 = A16 = nD5L = m(0.103)0.0057 = 0.00185 i n  

Therefore 

- cd5 C2(0max) A5 '4 - 0.9(0.412)0.00185 
p4 

- w5 = W16 - -6 W O  

w5 = 0.138 x p4 

The flow through t h e  con t ro l  i n j e c t o r s  i s  

(A-8) 

'd4 C2(0max) 0.8 (0.412) 0.0044 P4 
- 

vEi6 -6- '6 - 

W6 = 0.29 x 10 -4 P f .j':r5l - 

109 

(A-9) 



The flow through orifice A3 is 

0.9 (0.412) 0.0033 (2600) C (Omax) A3 P - 'd3 2 

6 w4 - 

(Yq I W4 = 0.0622 f l a  

But 

w4 = w + W6 5 

(A-10) 

By solving equations (A-8) (A-9) (A-10) , and (A-11) simultaneously, 
P4 was found to be 1720 psia. 

'4 - 1720 - = 1.175 1465 '8 
- -  

Therefore, from Figure 85 at Pc/Ps = 1.175, 

wlo = 0.98 
'10 (max) (A-12) 

Also 

C (omax) A6 P8 - - 'd6 2 
wlo (max) 

= 0.306 fl '10 (max) 
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By combining equations (A-12) and (A-13), Wl0 w a s  found t o  be 

Wlo = (0.98)0.306 f l  

wlo = 0.30 fl(-) (A-14) 

Also, t h e  flow Wl0 w a s  expressed as flow through t h e  main s t age  
valve con t ro l  i n j e c t o r :  

0.8 (0.412) 0.04 Pl0 - A7 '10 - 
(k) 

- 
wlo - p l o  -$zzi 

wlo = 2.63 p lo  f 1 (2) Pl0 

Combining equations (A-14) and (A-15), 

fl(&) = 9.76 10-4 p lo  f 1 (2) Pl0 

(A-15) 

(A-16) 

Each main s t a g e  valve w i l l  be receiving one ha l f  of t h e  5500'F 
SPGG' s output .  Thus, 

From equation (A-1) , 

wll = 0.0655 (P22)0*3 (A-17) 
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The t o t a l  f low through t h e  main s t a g e  vor tex  va lve  at  p a r t i a l  
turndown is expressed as 

(0.84) (0.556)0.237 P22 

V 
C - - - 'd8 c2(pJsc) A8 '22 

G V -qim w12 - 

W12 = 14.8 P22 cV (A-18) 

where . .  
from Figure 86 a t  var ious  values  of P /P = Plo/P22. V wo/wo(max) c s  

Combin$ng 
t h e  sum of W10 

equations (A-151, (A-17), and (A-18) t o  express W12 as 
and W11, t h e  following r e l a t i o n s h i p  i s  obtained. 

By i t e r a t i o n  

Pl0 = 1155 p s i a  

and 

P22 = 920 p s i a  

Various flow rates are found t o  be 

wll = 0.0655(P22)0'3 = 0.0655(920)0*3 = 0.507 l b / s e c  (A-17) 
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wlo = O o 3  fl 1''' 1465 ) = 0 * 3  fl (=) 1465 = 0.254 lb/sec 

W12 = Wll + Wlo = 0.507 + 0.254 = 0.761 lb/sec 

(A-14) 

(A-6) 

i, = 0.138 x lom4 P4 = 0.138 x 10-4(1720) = 0.0238 lb/sec (A-8) 

W6 = 0.037 lb/sec 

W4 = W6 + W5 = 0.037 + 0.0238 = 0.0608 lb/sec 

W9 = Wl0 - W6 = 0.254 - 0.037 = 0.217 lb/sec 

The variation in relief valve flow was found as follows: 

(Wg + W18) at null = 0.217 + 0.217 = 0.434 lb/sec 

(Wg + W18) at full stroke = 0.0398 + 0.264 = 0.3038 lb/sec 

= 0.434 - 0.3038 = 0.1302 lb/sec "R.V. 

The relief valve 
should be 0.16 lb/sec 
pilot stage flapper. 
to be 

- - 
'R.v. (null) 

(A-11) 

characteristics indicated that its maximum flow 
at P8 = 1515 psia for full-stroke position of the 
The relief valve flow rate at null was determined 

= 0.16 - 0.1302 = 0.0298 lb/sec "R.V. 0.16 - 
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The flow rate through o r i f i c e  A2 w a s  found t o  be 

- + W + W18 = 0.0298 + 0.217 + 0.217 '8 - 'R.V.(null) 9 

W8 = 0.4638 l b / s e c  

and 

- 0.4638 - '8 - 
A2 - 0.9 (0.412) 2600 (0.997) 

2 A2 = 0.0241 i n  

The output  of t h e  2200'F SPGG f o r  an opera-ing p res su re  of 2600 
p s i a  w a s  found t o  be  

n 0.21 
W = A p c P = 157(0.053)0.0203(2600) 

g g g 

The f l c  t h ra  

W = 0.88 l b / s e c  
g 

tgh t h e  dumping o r i f i c e ,  A1, i s  t h e  2200'F SPGG output  
flow less t h e  r e l i e f  va lve  flow and t h e  p i l o t  s t a g e  vo r t ex  va lve  supply 
and c o n t r o l  flows. 

. 
W1 = W - (W8 + W4 + W15) = 0.880 - (0.4638 + 0.0608 + 0.0608) 

g 

W1 = 0.295 l b / s e c  
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Theref o r e  

'1K - - 0.295 v z  
*1 Cdl C2(Omax) P 0.9(0.412)2600 

g 

2 A1 = 0.0154 i n  

The foregoing c a l c u l a t i o n s  were u t i l i z e d  i n  t h e  fou r th  and f i f t h  
hot  gas tests. 
p i l o t  s t a g e  performance presented a reasonably constant  impedance t o  t h e  
2000°F SPGG. Based on t h i s  information, a dec is ion  w a s  made t o  e l imina te  
t h e  r e l i e f  va lve  f o r  Hot G a s  T e s t  No. 6. 
system t o  f a c i l i t a t e  t h e  r e l i e f  va lve  removal w a s  t h e  enlargement of 
orif i c e  A 

The r e s u l t s  from these  tests showed t h a t  t h e  a c t u a l  

The only change made t o  t h e  

1' 
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APPENDIX B 

T H E W  ANALYSIS 

A t r a n s i e n t  h e a t  t r a n s f e r  and thermal stress a n a l y s i s 2  w a s  con- 
ducted as a support ing e f f o r t  t o  t h e  development of t h e  ho t  gas vo r t ex  
valve.  
and design conf igura t ion  f o r  t he  vo r t ex  valve and f o r  a 5500'F SITVC 
sys  t em.  

The a n a l y s i s  w a s  undertaken t o  a i d  i n  t h e  s e l e c t i o n  of materials 

Since t h e  vor tex  valve and a l l  of t h e  manifolds are c y l i n d r i c a l  
The shapes,  t h e  model used i n  t h e  analyses  w a s  a composite cy l inder .  

composite c y l i n d e r ' s  c o n s t i t u e n t  materials w e r e  tungsten,  g raph i t e ,  
re inforced  p las t ic ,  and s t a i n l e s s  s teel  as shown i n  Figure 87. 

high melt ing temperature and high s t r e n g t h .  
in te rmedia te  l a y e r  because of i t s  inc reas ing  s t r e n g t h  and Young's modulus 
a t  high temperatures,  high s t rength/weight  r a t i o  and high thermal shock 
r e s i s t ance .  A re inforced  p l a s t i c  w a s  u t i l i z e d  as the  outer- intermediate  
l a y e r  t o  act as a h e a t  s h i e l d  t o  i n s u l a t e  t he  o u t e r  housing by a s a c r i f i -  
c ia l  thermal degradat ion process ,  which is  known as the  py ro lys i s  reac t ion .  
This phenomenon is  charac te r ized  by a py ro lys i s  zone (Figure 88) i n  which 
the  v i r g i n  p l a s t i c  decomposes t o  form pyro lys i s  gases  and carbonaceous 
residue.  
and supported the  inne r  laminae. 

l ack  of a v a i l a b l e  high-temperature material p rope r t i e s .  
material p rope r t i e s  were approximated by i n t e r p o l a t i o n  from e x i s t i n g  data .  

Tungsten w a s  s e l e c t e d  as t h e  inne r  l i n e r  material because of i t s  
Graphi te  w a s  s e l e c t e d  as an 

The fou r th  l a y e r  w a s  a s t a i n l e s s  steel housing which contained 

The numerical exactness  of t h e  thermal a n a l y s i s  i s  l imi t ed  by the  
The unobtainable  

Trans ien t  Heat Transfer  Analysis 

The t r a n s i e n t  h e a t  t r a n s f e r  a n a l y s i s  of a t h i c k  composite cy l inde r  
containing a l a y e r  of char-forming re inforced  p l a s t i c  w a s  based on t h e  
following assumptions. 

Temperature v a r i a t i o n s  w i l l  be i n  t h e  r a d i a l  d i r e c t i o n  only. 

The py ro lys i s  gas v e l o c i t y  i s  p ropor t iona l  t o  the  pressure  
g rad ien t ,  and t h e  gases obey t h e  equat ion of state f o r  a 
p e r f e c t  gas. 

The py ro lys i s  gases do no t  react chemically wi th  t h e  char  
o r  wi th  themselves. 

The l o c a l  gas and char  material have t h e  same temperature. 

The inne r  boundary of t h e  composite tube is exposed t o  5500'F 
aluminized s o l i d  p rope l l an t  gas and t h e  h e a t  f l u x  i n t o  t h e  
w a l l  is  by convection and r a d i a t i o n  from t h e  h o t  gas. 
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(6) 

(7 )  
The t r a n s i e n t  hea t  t r a n s f e r  r e l a t i o n s h i p s  developed based on t h e  

The laminate  i n t e r f a c e s  are i n  con tac t  and the  temperature and 
h e a t  flows are constant .  

The e x t e r i o r  of  t he  composite tube is exposed t o  ambient air. 

above assumption were numerically evaluated f o r  t h e  s ix  sets of  composite 
tube dimensions shown i n  Table 4. 
a l l  fou r  of t h e  laminate  materials, diid i n  the  f i f t h  and s i x t h  configura- 
t i ons  the  g raph i t e  l a y e r  w a s  e l iminated.  T h e  numerfcal suglution was made 
with the  ho t  gas f i l m  temperature r i s i n g  from ambient t o  596O0F i n  0.2 
second. 

The r e s u l t s  of t he  numerical  a n a l y s i s  i n  t h e  form of temperature 
responses a t  the  composite cy l inde r  boundaries and i n t e r f a c e s  are shown 
i n  Figures 89 through 94. The e f f e c t i v e n e s s  of  t h e  i n s u l a t i o n  and t h e  
heat-s ink effect ;  of each l a y e r  are represented by the  v e r t i c a l  d i s t ance  
between two neighboring temperature curves.  

are: 

The f i r s t  fou r  conf ighra t ions  contained 

The genera l  t rends  deduced from t h e  t r a n s i e n t  h e a t  t r a n s f e r  a n a l y s i s  

(1) With o t h e r  condi t ions  being he ld  cons t an t ,  t o  i nc rease  t h e  
thickness  of t h e  tungsten l a y e r  or t o  decrease t h e  th ickness  
of t h e  g raph i t e  l a y e r  ( inc luding  complete e l imina t ion  sf t he  

Table 4 - Dimensions f o r  Parametric Numerical Evaluation 

I 
Radius and I Thickness (in.) 

r1 

r2 - rl (Graphite) 

‘2 

r3 - r2 (Reinforced Plastic) 

r 3 

121 

Case Number 

1 2 3 4 5 6 

0.3375 0.5 0.5 0.5 0.5 0.5 

0.08 0.06 0.08 0.1 0.08 0.205 

0.4175 0.56 0.58 0.6 0.58 0.705 

0.125 0.145 0.125 0.105 (None) (None) 

0.5425 0.705 0.705 0.705 0.58 0.705 

0.2075 0.295 0.295 0.295 0.420 0.295 

0.75 1.0 1.0 1.0 1.0 1.0 

0.125 0.125 0.125 0.125 0.125 0.125 

0.875 1.125 1.125 1.125 1.125 1.125 
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Figure 89 - Transient Temperature Response at  the Boundaries 
and Interfaces of a Composite Cylinder (Case 1) 
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graphite layer) results in lowering the temperature levels 
in the frontal layers in the initial stage of the transient 
heating process, but reverses the trend and increases the 
temperature levels in all later stages. 
When the graphite layer is completely replaced by thickening 
the reinforced plastic layer, the temperature responses 
between the inner boundary and the charred zone tend to 
increase but the back zone temperatures are lowered. This 
result is attributed to conductive heat-sink properties of 
graphite and effective insulation properties of reinforced 
plastic. 

Thermal Stress Analysis 

The thermal stress analysis was made to determine if the stresses 
induced in the composite cylinder model by dissimilar thermal expansion 
and radial temperature gradients would cause structural failures. 
thermal stress analysis was based on the framework of the linear, quasi- 
static, uncoupled theory of thermoelasticity. The composite cylinder 
materials which exhibit distinct behavioral characteristics were classi- 
fied and analyzed in three categories: isotropic, anisotropic and porous 
media. Three sets of governing differential equations of stress for the 
material categories were made assuming that Poisson's ratio and Young's 
Modulus of Elasticity are constant. Numerical solutions for the thermal 
stress relationships were determined for the six composite cylinder con- 
figurations that were used in the heat transfer analysis. The predeter- 
mined temperature distribution, pyrolysis gas pressure, and the reinforced 
plastic porosity were also used in the numerical solution. 
solutions are shown in Figures 95 through 9 7 ,  which are plots of stress 
versus radius for case 4 at times 1, 2 and 10 seconds. The stress com- 
ponents ur, uz and ue are normal components of stress in cylindrical 
coordinates with r the radial direction, and z the axial direction. The 
results of the numerical solution indicated that case 4 is the most 
favorable dimensional combination. 

qualitative thermal characteristics of a composite cylindrical structure 
to aid the selection of materials and the design of structures that are 
to contain the flow of .5500°F highly aluminized hot gas. The lack of 
moderate and high-temperature mechanical behavior, thermophysical and 
chemico-kinetic material properties makes the absolute numerical results 
uncertain, but the trends between various combinations are believed to 
be representative. 

The 

Typical 

The transient heat transfer and thermal stress analysis provided 
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Figure 95 - Thermal Stresses in the Composite Cylinder 
(Case 4 ) ,  t = 1.0 sec 
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Figure 96 - Thermal Stresses i n  t h e  Composite 
Cylinder (Case 4 ) ,  t = 2.0 see 
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A =  

A =  
g 
c =  

- 
‘d - 

cps = 

c =  
V 

- 
c2 - 
D =  

- 
f l  - 
k =  

L =  

n =  

- 
N2 - 

P =  

P =  
- 

P =  

P =  

P =  

C 

g 

S 

r =  

- - 
(0 ,1,2,etc . )  r 

SITVC = 

SPGG = 

2 o r i f i c e  area, i n  

s o l i d  p rope l l an t  g r a i n  cross-sect ional  area, i n  

s o l i d  propel lan t  burn c h a r a c t e r i s t i c  constant  

2 

o r i f i c e  flow d ischarge  c o e f f i c i e n t  

cyc les  per  second 

r a t i o  of vor tex  valve t o t a l  flow t o  maximum t o t a l  flow 

thermodynamic gas cons tan t ,  oR1/2/sec 

nozzle  diameter,  i n .  

o r i f  ice flow funct ion  

s p e c i f i c  hea t  r a t i o  

f l appe r  s t roke ,  i n .  

s o l i d  propel lan t  burn c h a r a c t e r i s t i c  pressure  exponent 

n i t rogen  gas 

pressure ,  p s i a  

average pressure ,  p s i a  

vor tex  valve con t ro l  pressure ,  p s i a  

gas generator  pressure ,  p s i a  

vo r t ex  va lve  supply pressure,  p s i a  

pneumatic c r i t i ca l  pressure  r a t i o  

s o l i d  p rope l l an t  burn rate, i n / s e c  

r ad ius ,  i n .  

secondary i n j e c t i o n  t h r u s t  vec tor  con t ro l  

s o l i d  propel lan t  gas  generator  
I i n  

i i* 

13 5 



T = temperature,  OF o r  "R 

W = gas  weight flow, l b / s e c  

A i  = to rque  motor d i f f e r e n t i a l  c u r r e n t ,  m a  

p = s o l i d  p rope l l an t  g r a i n  dens i ty ,  l b / i n  

CT = stress, p s i  

3 
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